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Summary
Spatial models of carbonate platform anatomy
Carbonate platforms are highly particular sedimentary systems that are formed by
a series of complex, variable and interrelated intrinsic processes such as production,
erosion, transport, deposition, early cementation and corrosion, and strongly influ-
enced by external processes like relative sea level (eustasy and subsidence) changes,
local and regional tectonic regime, ecological changes, climate variations, and burial
fluid migration styles controlling late diagenetic modification. The result of the in-
terplay between such intrinsic and extrinsic processes is reflected in the architecture
of carbonate depositional systems and the type of facies and textural make-up of
internal sedimentary bodies, which is termed stratal anatomy. Quantitative mor-
phological analysis of stratal anatomy, therefore, can be used to capture proxy data
on depositional processes and their evolution within a sedimentary system. Such
analysis leads to the establishment of rules and concepts on carbonate sediment accu-
mulation and provides an important tool for predicting the anatomy of sedimentary
rock bodies in the subsurface. As more than half of the world’s hydrocarbon reserves
are in carbonate sediments, improving the predictability of their stratal anatomy is
of prime economic importance. In addition, they contain major fresh-water aquifers
and also hold significant ore deposits. Moreover, carbonate sedimentary systems are
highly sensitive recorders of oceanographic processes and the relative oscillation of
sea level through time, and as such may offer valuable insight into how ancient earth
environments responded and adapted to climatic change.
With the advent of accurate and affordable high-resolution positioning equipment
it has now become possible to efficiently extract quantitative morphological informa-
tion from large-scale outcrops. These systems make use of global positioning systems
or laser applications and ensure correct registration of geological observations in 3D
space. Such data can subsequently be used to build realistic geological models, so-
called digital outcrop models. The models can be visually interrogated from any
perspective and provide the possibility for quantitative analysis. Furthermore, the
models significantly improve and enhance original outcrop observations that would
have been more difficult to appreciate from outcrop without the digital approach.
Quantitative spatial appreciation of outcrop systems has gained momentum over the
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last decades as an important tool for assessing predictability and reducing uncer-
tainty in the subsurface. It is the application of digital outcrop modeling techniques
that is the subject of the first part of this thesis.
A second source for information on stratal anatomy is reflection seismic data.
Seismic data present a logical source because they provide ”continuous” anatomical
proxy information, although remotely sensed. The translation of a geophysical im-
age into a geological formation, however, is obscured by methodological difficulties
and the non-uniqueness in interpretation of the seismic signal. Therefore, under-
standing the controls of petrophysical properties of porous media is a key issue in
interpreting seismic images and acoustic logs of sedimentary sequences. Carbonate
sediments present special challenges in this respect due to their complicated pore
structure and susceptibility to diagenetic alteration. In the second part of the thesis
the relationship between geological parameters, such as rock texture, and acoustic
properties is investigated.
The thesis is arranged in a modular fashion. Chapter 2 lays out the methodology
and workflow for efficiently capturing and integrating digital field data in digital
outcrop models. Subsequently, in Chapter 3 the recent advances and current practice
in the use of spatial geologic outcrop data in analog studies is discussed. The format
of such data is treated as well as the most commonly used geostatistical algorithms.
This gives an insight in the way in which spatial geologic outcrop data is of use in
improving the knowledge on the processes of carbonate sediment accumulation, and
in enhancing the techniques of pattern replication of facies in subsurface reservoirs.
The methodology and workflow set up in the first chapters is applied to three case
studies in Spain and Morocco. The Spanish Sierra del Cuera is an upper Carboni-
ferous high-relief steep-flanked carbonate platform which was rotated 90° to vertical
in a thrust slice. Orthorectified aerial photographs provided insight in the deposi-
tional architecture of the platform and traced stratal surfaces offered information on
the spatial distribution of lithofacies which allowed establishing an accurate model
of microbial boundstone dominated carbonate platform margins (Chapter 4). The
Moroccan Djebel Bou Dahar is a lower Jurassic carbonate platform which evolved
in a rift basin. At present-day the platform is exposed as exhumed topography and
of exceptional outcrop quality. The platform architecture was controlled by active
syndepositional tectonics. It evolved in several stages from a wide-spread low-relief
system into an isolated steep-flanked carbonate platform. Digital field data were
acquired in two detailed study windows in a high-rising slope environment (Chapter
5) and across an outer-platform shoal-barrier complex (Chapter 6). Subsequently,
the stratal anatomy was digitally reconstructed in digital outcrop models and used
to asses the spatial distribution of lithofacies, derive quantitative stratigraphic in-
formation and to statistically assess the predictability of lithofacies stacking.
Finally, in Chapters 7 and 8, controls on acoustic wave propagation in sedimen-
tary rocks, and the effects of saturation on acoustic wave propagation in carbonate
rocks, are discussed. The Poisson’s ratio (a specific P-wave over S-wave ratio) is
introduced as an important discriminator of critical rock texture classes. It shows a
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strong correlation with depositional and diagenetic parameters, as well as particular
changes in acoustic behavior as a result of fluid saturation. A better understand-
ing of the mechanisms controlling the acoustic behavior would ultimately enhance
the geological interpretation and extraction of rock characteristics from reflection
seismic images.
Quantitative concepts and rules are essential for improving the predictability of
(remote) carbonate stratal anatomy (e.g. in subsurface reservoir evaluation) and
for the general advancement of the field of sedimentology. Precise and accurate
anatomical information on sedimentary bodies, their internal bedding geometries,
and physical characteristics is essential for reconstructing depositional models, flow
models for hydrocarbon reservoirs and aquifers, remediation of contaminated aqui-
fers and the reconstruction of basins, to name just a few applications. With the
rapidly increasing demand for potable water and energy resources, the need for such
data will only increase in the future.
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Samenvatting
Spatie¨le modellen van de anatomie van carbonaat
platformen
Carbonaat platformen zijn speciale sedimentaire systemen die gevormd worden door
een serie van complexe, variabele en aan elkaar gerelateerde intrinsieke processen,
zoals productie, erosie, transport, depositie, vroege cementatie en corrosie; en te-
gelijkertijd sterk worden be¨ınvloed door externe processen, zoals verandering van
relatieve zeespiegel (eustatisch en bodemdaling), lokale en regionale tektonische
regimes, ecologische veranderingen, klimaatvariatie en type migratie van onder-
grondse vloeistoffen die de late diagenetische modificatie controleren. Het resul-
taat van de wisselwerking tussen deze intrinsieke en extrinsieke processen wordt
gereflecteerd in de architectuur van carbonaat depositionele systemen en in de type
facies en textuur samenstelling van interne sediment lichamen, welke stratal anatomy
genoemd wordt. Kwantitatieve morfologische analyse kan daarom gebruikt worden
om proxy data vast te leggen ten aanzien van depositionele processen en hun evolutie
binnen een sedimentair systeem. Dergelijke analyses leiden tot het vaststellen van
regels en concepten die betrekking hebben op de processen van carbonaat sediment
accumulatie en tevens fungeren als een belangrijk hulpmiddel om de anatomie van
gesteentelichamen in de ondergrond te voorspellen. Daar meer dan de helft van alle
olie en gas reserves in carbonaat sedimenten voorkomt is het verbeteren van de voor-
spelbaarheid van deze stratal anatomy van primair economisch belang. Daarnaast
bevatten deze sedimenten grote zoet water aquifers and significante erts voorraden.
Bovendien zijn carbonaat sediment systemen gevoelige archieven van oceanografische
processen en relatieve bewegingen van de zeespiegel door de tijd heen en bieden
daarom waardevolle inzichten in de manier waarop oude aardse omgevingen reageer-
den en zich aanpasten aan klimaatverandering.
Met de komst van nauwkeurige en betaalbare hoge resolutie plaatsbepaling ap-
paratuur is het mogelijk geworden om op een efficie¨nte manier kwantitatieve morfo-
logische informatie te extraheren vanuit grootschalige geologische ontsluitingen. Deze
systemen maken gebruik van global positioning system en laser applicaties en zor-
gen voor een correcte registratie van geologische observaties in de driedimensionale
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ruimte. Dergelijke data kunnen vervolgens gebruikt worden om realistische geolog-
ische modellen te bouwen, zogenoemde digitale ontsluitingmodellen. Deze model-
len kunnen bekeken worden vanuit elk perspectief en bieden de mogelijkheid voor
kwantitatieve analyse. Bovendien verbeteren en versterken de digitale ontsluiting-
modellen oorspronkelijke moeitlijk te beoordelen observaties. Kwantitatieve spatie¨le
analyse van ontsluitingen heeft de laatste tientallen jaren momentum gekregen als
een belangrijke tool om voorspelbaarheid van stratal anatomy vast te stellen en de
onzekerheid binnen interpretatie in de ondergrond te reduceren. Het eerste deel
van dit proefschrift omvat de hierboven beschreven techniek van digitale ontsluiting
modellen.
Een tweede bron van informatie aangaande stratal anatomy is seismische reflectie
data. Seismische data zijn een logische bron omdat deze ”continue” anatomische
proxy informatie leveren, hoewel indirect. Echter, de vertaling van een geofysisch
beeld in een geologische formatie wordt bemoeilijkt door methodologische problemen
en niet-unieke interpretatie van het seismische signaal. Daarom is het begrijpen van
de controlerende parameters op de petrofysische eigenschappen van poreuze mate-
rialen van belang bij het interpreteren van seismische beelden en akoestische logs
van sedimentaire opeenvolgingen. Carbonaat sedimenten bieden daarin een speciale
uitdaging vanwege hun complexe porie¨n structuur en hun vatbaarheid voor diagene-
tische verandering. In het tweede gedeelte van het proefschrift wordt de relatie
tussen geologische parameters, zoals de textuur van het gesteente en akoestische
eigenschappen onderzocht.
Het proefschrift is verdeeld in modules. Hoofdstuk 2 beschrijft de procedure en de
workflow om op een effectieve manier digitale velddata te verkrijgen en te integreren
in digitale ontsluitingmodellen. Vervolgens worden in Hoofdstuk 3 de recente ont-
wikkelingen in het gebruik van spatie¨le geologische ontsluitingdata bediscussieerd;
alsmede de vorm van dergelijke data en de meest gebruikte typen geostatistische
algoritmen. Dit geeft inzage in de manier waarop spatie¨le geologische ontsluiting-
data worden gebruikt om de kennis aangaande de processen van carbonaat sediment
accumulatie te verbeteren en de technieken om facies patronen te repliceren in on-
dergrondse reservoirs verder te ontwikkelen.
De workflow die opgezet is in de eerste hoofdstukken wordt daarna toegepast op
drie casussen in Spanje en Marokko. De spaanse Sierra del Cuera is een carbonaat
platform met een hoog relie¨f en een steile flank van Carboon ouderdom welke 90°
geroteerd is geworden tot vertikaal in een breukbeweging. Georthorectificeerde lucht-
foto’s geven inzage in de depositionele architectuur van het platform en afgelopen
laagvlakken geven informatie aangaande de spatie¨le distributie van gesteentetypen.
Deze gegevens bieden de mogelijkheid om een nauwkeurig spatieel model te con-
strueren voor door microbe-boundstone gedomineerde rifranden (Hoofdstuk 4). De
marokkaanse Djebel Bou Dahar is een carbonaat platform van jurassische ouder-
dom dat evolueerde in een rift bekken. Tegenwoordig is het platform ontsloten als
opgeheven topografie en heeft een uitzonderlijke ontsluitingsgraad. De architectuur
van het platform werd gecontroleerd door aktieve syndepositionele tektoniek. Het
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evolueerde in verschillende incrementen van een wijdverbreid platform met een laag
relie¨f naar een ge¨ısoleerd platform met een steile helling. Digitale velddata zijn
verworven in twee gedetailleerde studievensters in de steile hellingomgeving (Hoofd-
stuk 5) en in een zandbank-barrie¨re complex langs de platformrand (Hoofdstuk 6).
Vervolgens wordt de stratal anatomy digitaal gereconstrueerd in digitale ontsluiting-
modellen en gebruikt om de spatie¨le distributie van gesteentetypen te evalueren,
kwantitatieve stratigraphische informatie te extraheren en de statistische voorspel-
baarheid van opeenvolgingen van gesteentetypen te testen.
Tenslotte, in Hoofdstuk 7 en 8, worden de controlerende parameters op akoes-
tische golfpropagatie in sedimentaire gesteenten en de effecten van vloeistof saturatie
op akoestische golfpropagatie in carbonaat gesteenten bediscussieerd. De Poisson’s
ratio (een specifieke ratio van P-golf over S-golf) wordt ge¨ıntroduceerd als een belang-
rijke proxy om klassen van gesteentetextuur te herkennen. De Poisson’s ratio laat
een sterke correlatie zien met depositionele en diagenetische parameters, evenals
met bepaalde veranderingen in het akoestische gedrag ten gevolge van saturatie met
vloeistof. Een beter begrip van de mechanismen die het akoestisch gedrag in sedi-
mentaire gesteenten controleren leidt uiteindelijk tot een verbetering van geologische
interpretaties en tot de mogelijkheid om gesteentekarakteristieken te onttrekken aan
seismische reflectie beelden.
Gekwantificeerde concepten en regels zijn essentieel om de voorspelbaarheid van
(indirecte) stratal anatomy te verbeteren: ten behoeve van de evaluatie van onder-
grondse reservoirs alsmede de algemene vooruitgang voor het veld van sedimento-
logie. Nauwkeurige anatomische informatie over sedimentlichamen, hun interne
geometrie van gelaagdheid en hun fysische eigenschappen zijn essentieel voor de
reconstructie van depositionele modellen, vloeimodellen voor olie- en gasvelden en
aquifers, opschoning van vervuilde aquifers en voor de reconstructie van bekkens, om
een aantal toepassingen te noemen. Met de snel toenemende vraag naar drinkwater
en energiebronnen zal de vraag naar degelijke data in de toekomst enkel toenemen.
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Introduction
1.1 Background
Ever since Nicolaus Steno defined the criterion of superposition in the 17th century
and William Smith published the first geological map in 1815, the anatomy of bed-
ding planes, or stratal patterns, and the geometry of sedimentary bodies have been
key themes of sedimentological studies. The anatomy of sedimentary rocks contains
valuable information on the depositional processes and evolution of sedimentary sys-
tems. It is the product of a series of highly variable and interrelated processes such
as production, erosion, transport, deposition and early lithification. Quantitative
morphological analysis of stratal anatomy can therefore be used to extract data on
depositional processes and their evolution in sedimentary systems.
The best known application relating stratal anatomy to sedimentation processes
is sequence stratigraphy, which predicts depositional settings by establishing a frame-
work of genetically related stratigraphic facies geometries (onlap, downlap, toplap,
and truncation) separated by bounding surfaces of erosion or deposition. These
facies geometries are labeled as sequences, parasequences or cycles, depending on
relative scale and develop as a result of the interplay between allocyclic base level
change (either eustatic sea level or tectonic movement) and variation in (autocyclic)
sediment supply, such as point source migration and the style of mass transport
events (Vail 1988; Van Wagoner et al. 1988).
A more specific example comes from Adams and Schlager (2000) who used curve
fitting of recent submarine slope profiles to establish empirical equations for sub-
aquatic slope curvature. The geometry of slopes provides information on deposi-
tional environment, whereas the shape offers clues to the underlying sediment com-
position and texture. An outcrop example is given by Adams et al. (2005) in which
the three-dimensional geometry and dimensions of reefal buildups were documented
with digital field technologies and subsequently documented by descriptive statistics.
They related the position of buildups to the stratigraphic framework, where changes
in accommodation space influenced the morphology of the buildups.
Carbonate sedimentary systems present special challenges to researchers since
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their deposition involves a more complex suite of processes then many other sedi-
ment types. The fact that carbonate sediments are largely of organic origin, grow ”in
place”, form wave-resistant structures, and are easily altered by diagenesis because
of the metastable minerals, creates particular characteristics (Schlager 2005). The
growth potential of carbonates, including the aggradation potential (the ability to
grow vertically and to keep up with sea level) and the production potential (the
ability to produce and export sediment), is critical for the development of carbonate
platforms and reefs. In this respect, shallow-marine carbonate depositional systems
differ fundamentally from siliciclastic depositional systems. Where in siliciclastic
systems input source (i.e., supply) and hydrodynamic conditions play the most im-
portant role (Muto and Steel 2000), in carbonates the under-water flora and fauna
are the main producers that are subjected to the same hydrodynamic activity, how-
ever are highly susceptible to environmental change (Flu¨gel 2004). As a result the
architecture of carbonate depositional systems can be highly variable and their in-
ternal heterogeneity in terms of lithological and petrophysical properties even more
erratic.
Data required improving our understanding on anatomy and internal heterogene-
ity can be extracted from subsurface seismic data sets, recent carbonate depositional
environments or outcrops. All three data sources are essentially ”continuous” and
have their advantages and disadvantages. Outcrops are the preferred choice for the
fine scale, data continuity and, most importantly, their direct 3D accessibility. The
aim of this thesis is to develop workflows to accurately retrieve spatial data on stratal
anatomy from outcrops of carbonate platforms. This enables building quantitative
models of outcrops, converting complex information on the processes operating in
sedimentary systems into the numerical spatial domain. This quantitative informa-
tion can lead to the establishment of quantified rules and concepts on carbonate
sediment accumulation. These rules and concepts improve the predictability of (re-
mote) carbonate stratal anatomy (e.g. in subsurface reservoir evaluation), the spatial
relationships (vertical stacking patterns and juxtaposition) of facies and the general
advancement of sedimentology.
Importantly, such work will have high economical relevance as well. Precise
and accurate anatomical information on sedimentary bodies, their internal bedding
geometries, and physical characteristics is essential for reconstructing depositional
models, flow models for hydrocarbon reservoirs and aquifers and remediation of con-
taminated aquifers, to name just a few applications. Although carbonates make up
as little as 8% of the sedimentary column, the largest volumes of the Earth’s hy-
drocarbon fossil fuels are contained in carbonate reservoirs - about 55% of the oil
and 45% of the gas (Ahr 2006). Similarly, some of the largest aquifers and ore ac-
cumulations in the world are in carbonate rocks. Clearly their economic importance
is disproportionately high compared to their abundance. With the rapidly increas-
ing demand for potable water and energy resources, the need for spatial data and
quantitative rules and concepts to improve the predictability of carbonate stratal
anatomy will only increase in the future.
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1.2 Data sources of carbonate stratal anatomy
Information on stratal anatomy can be extracted from modern carbonate platforms,
reflection seismic data and outcrops (Fig. 1.1). In this thesis only outcrop examples
are discussed as those provide fine-scale continuous and 3D data. Nevertheless, in
this introduction a brief review is presented on the other two data sources, recent
carbonate environments as well as subsurface seismic data.
1.2.1 Modern carbonate platforms
Modern carbonate environments are valuable as analogs for conceptualizing the spa-
tial distribution of facies in a single time slice and offer valuable information on the
size, shape and juxtaposition of particular facies. The spatial patterns in modern
analogs assist interpretation of the inaccessible ancient (e.g. Harris 1979). Further-
more, combining remote sensing data, like satellite images and aerial photographs,
with ground observations, provides spatial statistics such as quantitative metrics of
facies trends and dimensional data (Harris and Kowalik 1994; Rankey 2002; Purkis
and Riegl 2007). For geologists this is of particular interest because such horizontal
plan view data are difficult to obtain or extract from outcrops (Wilkinson et al.
1999).
Whether it is possible to transfer the observations from the modern to the ancient
record, however, is difficult to asses. There is a general lack of studies in the ancient
that provide true plan view observations through rock formations. The observation
that shoal-water depositional bodies in fossil carbonate platforms are rarely mani-
fested by their modern analogs indicates that taphonomy plays an important role
in the way sedimentary bodies are preserved. Past studies (notably Sadler 1981;
Plotnick 1986) have suggested that the stratigraphic record in shallow water car-
bonates is an incomplete recorder of geologic history and preserves a record of only
10-20% of the duration of a given time period. This would indicate that the time
slice observed now in the modern may not be representative for accumulations in
the ancient. Another argument concerns the fact that the Recent represents a time
interval of sea-level highstand in an ice-house period (Schlager 2005) and therefore
has a specific facies distribution that may not realistically reflect many other time
intervals in the ancient.
1.2.2 Seismic
Seismic data present a logical source because they provide ”continuous” anatomical
information, although remotely sensed. A seismic profile or, even better, a 3D cube
offer an unparalleled view of sedimentary systems and provide a two dimensional
profile or complete three-dimensional display of their anatomy. Seismic time slices,
horizon-datum slices and seismic attributes integrated with seismic profiles allow
the recognition of stratal relationships, or reflections, and lead to the identification
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Clinoform belts
Clinoform belts
Intraplatform basin
10 km
North
Figure 1.1: Spatial geologic data. Data sources for spatial data on anatomy of sedimentary
systems. Top left image IKONOS satellite image of Lily Bank ooid shoal system (Rankey
2006). Top right image ASTER satellite image over digital elevation model of Jurassic
Djebel Bou Dahar outcrop. Middle left reflection seismic image of Miocene Malampay build
up (Neuhaus et al. 2004). Middle right image atoll of Tetiaroa, Iles sous le vent, French
Polynesia, SW Pacific (image courtesy Google Earth 2007). Lower left reefal buildups in
Neoproterozoic of Namibia (Adams et al. 2005). Lower right time-slice reflection seismic
image of prograding clinoform succession in the Cretaceous of Oman (Droste and Van
Steenwinkel 2004).
of geological elements yielding significant insight into the evolutionary history of
sedimentary systems (e.g. Vail 1988; Zampetti et al. 2004b; Grelaud et al. 2006). In
addition, in outcrop it is often difficult to recognize km-scale stratigraphic geometries
because of very low angle dips involved. These dips are too low to be observed from
well or outcrop data and the only way to recognize these is from seismic (e.g. Droste
16
Introduction
and Van Steenwinkel 2004).
However, reflection seismic interpretation are non-unique and need (semi-) quan-
titative validation for instance with large-scale continuous high-quality outcrops
(Schlager 1996). The complex relationship between acoustic properties and lithofa-
cies in sedimentary sequences strongly influences the seismic response and therefore
the seismic stratigraphic interpretation of reflection data (Kenter et al. 2001). False
lap-outs, or so-called ”pseudounconformities”, may obscure interpretations (Rudolph
et al. 1989), while other artifacts, such as destructive interference, may influence the
observed reflection patterns (Braaksma et al. 2006a). In addition, seismic imaging
may resolve grand-scale architecture of the depositional system, but has finite hor-
izontal and vertical resolution. In many cases the resolution of the seismic method
(at the very best a few meters but typically tens of meters) is lower than the scale
of internal system heterogeneity. It is at this scale (i.e., decameter to hundreds of
meters-scale) that fundamental controls over fluid-flow behavior in the reservoir are
commonly exerted (Vaughan et al. 2005). Correlation and calibration of geological
parameters, such as mineralogy and rock texture, and petrophysical properties that
control the seismic response of sedimentary packages helps in this respect. Such re-
lationships permit a more accurate translation of the seismic response into geologic
models and furthermore, to a better understanding of what seismic waves can tell
about the state of the reservoir rocks and the fluids contained in their pore space.
1.2.3 The digital revolution for outcrop studies
Outcrops have provided fundamental information and accelerated our understand-
ing of the anatomy of carbonate depositional systems. They lend predictability for
unraveling facies patterns and diagenetic overprint and provide insight in the spatial
distribution of sedimentary bodies within the context of the large-scale architec-
ture of depositional systems (cf. Grammer et al. 2004). Equally important is that
outcrops permit direct observation of carbonate matrix heterogeneity on a range of
scales and bridge the resolution gap between seismic and well data. In recent years,
(seismic) stratigraphic interpretation has benefited from detailed outcrop studies,
but lacked fully reconstructed outcrop models, that could be realistically and quan-
titatively compared to their subsurface analogs. Though the need for quantification
of geometric properties of sedimentary deposits from large (kilometer to tens of kilo-
meters) scale outcrops is widely acknowledged (Kerans et al. 1995), the size, shape
and arrangement of sedimentary bodies or length scales of geometrical relationships
defined by lithofacies or stratal boundaries have been rarely quantitatively captured
from outcrop (Adams et al. 2005).
One of the primary reasons that such quantitative data from outcrop has for long
been neglected has been the difficulty of capturing the 2D and, where accessible, the
3D geometry of stratal surfaces and boundaries between lithofacies units in a reliable
and accurate manner. Moreover, the awareness that such quantitative data might
aid in yielding new, and more accurate, concepts and rules on sediment accumulation
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has gained momentum over the last decade.
Conventionally in field geology, registration of outcrop data is carried out using
largely paper-based collection and interpretation (McCaffrey et al. 2005). Only in
the late nineties, pioneering work by Stafleu et al. (1996) and by Bracco Gartner
and Schlager (1997) used photogrammetric methods and total-station laser ranging
equipment, respectively, to quantitatively capture morphologic data from large out-
crop cliff faces. At that stage, the technology was expensive and imperfect whereas
software applications were not yet available to process and analyze such data.
Now that laser surveying and global positioning systems are refined, miniaturized,
robust, and portable, the data can be readily processed and integrated with relatively
easy-to-use geographic information system (GIS) software packages. Also the costs
of these systems have decreased sufficiently to allow academic groups to afford them.
As a result, these tools can now be applied to sedimentological problems.
Digital field tools (e.g. real time kinematic GPS, RTK GPS, and light detection
and ranging, lidar) allow quantification of geologic outcrop features by spatial po-
sitioning, i.e., one connects a variety of geologic measurements and interpretations
to the correct geographic spatial position. The data obtained from digital mapping
is stored, fully georeferenced, in the digital domain while in the field and is used to
construct a digital outcrop model (DOM; Bellian et al. 2005). In a DOM the aim is
to assemble outcrop data on the 3D structure and stratigraphy of the geologic system
under investigation. The DOM serves as the data environment in which geologic ob-
servations are referenced in their geospatial context. Through this process, complex
information on the anatomy of sedimentary systems is made accessible numerically.
1.2.4 Outcrop characteristics
The depositional architecture and geometry of sediment bodies are best expressed
in outcrop through the interaction between stratal surfaces and outcrop morpho-
logy. Stratal surfaces, or bedding planes, represent relict depositional surfaces pro-
duced during periods of non-deposition or abrupt changes in depositional conditions,
whereas sedimentary facies may transgress or regress with time. Early diagene-
tic processes such as compaction and precipitation of cements rapidly lithify and
transform the unconsolidated sediment package into hard rock. Also the absence
of bedding is a proxy for particular depositional or post-depositional processes.
Non-stratification may be a result of the primary lack of bedding (e.g. in reefs
or well-sorted sediments), bed-destructing processes (e.g. intensive burrowing), or
diagenetic processes (e.g. dolomitization). In outcrop, differential weathering then
may enhance the bedding plane. This occurs where a rapid facies change, diagenetic
contrast, and/or when clays are present (Clari et al. 1995; Hillga¨rtner 1998). The
differential weathering may be regarded as a first proxy for physical properties as
expressed in acoustic impedance (acoustic hardness, Bracco Gartner and Schlager
1997). In the thesis the morphology of bedding planes is used as proxy data for cap-
turing and establishing digital outcrop models. Such studies are preferably carried
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out on continuous and undisturbed outcrops at the scale of seismic measurements.
These, however, are rare. The wide spectrum of geologic parameters involved in
digital outcrop studies has led to the establishment of selection criteria to which the
outcrop should conform. For these the reader is referred to Chapter 2.
1.3 Nomenclature
The thesis concentrates on utilizing quantified morphological information on deposi-
tional architecture and sedimentary bodies through capturing stratal anatomy from
outcrop. Table 1.1 presents an overview of the nomenclature as used in the thesis
which is largely based on definitions from textbooks and publications by Wilson
(1975) and Schlager (2005). Morphology is the study of the structure and shape of
things. The anatomy describes the structure, shape, size, proportion, position and
thereto related elements, of bodies. Stratal anatomy, in particular, captures not only
the morphology of a bedding plane, but also the associated bedding, or sedimentary
body, and as such the spatial relationships and super- and juxtaposition of geologic
properties.
Two scales of anatomic information are recognized (Table 1.1). The first is large-
scale carbonate platform architecture, recognized through the height of the platform
above the surrounding basin floor, and the steepness of the slopes. The large-scale
architecture is generally appreciated from distant pictures of large-scale tectonically
undeformed outcrops (Pomar 2001) or from reflection seismic data (e.g. Zampetti
et al. 2004a).
The second scale is described by sedimentary bodies; the packages of genetically
related beds, discrete biological buildups, and other geological outcrop elements
within carbonate platforms. Schlager (2005) noted that ”a sedimentary body and
thus all physical stratigraphic units are of finite extent - they are lenses in the most
general sense of term”. In formal stratigraphic nomenclature a sedimentary body
referred to may be a lentil, tongue, member or formation (American Commission
on Stratigraphic Nomenclature, 1961, pp 650-651). A sedimentary body is here
used as the term to describe a self-contained body of rock whose size and shape are
bounded by physical gradational and/or sharp and abrupt boundaries. The physical
boundaries of a sedimentary body are commonly at the scale of an outcrop.
1.4 Aim of the study and structure of the thesis
The first goal of this thesis is to develop workflows for capturing morphologic data on
stratal anatomy and spatial depositional relationships from outcrop using innovative
and advanced remote sensing and position techniques in combination with conven-
tional geologic observations. In the first part methods are explored to efficiently and
accurately capture spatial information on stratal anatomy from large-scale outcrops,
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Table 1.1: Overview of nomenclature as used in the thesis. Sources: Wilson (1975), Schlager
(2005) and modified after wikipedia.org.
Morphology is the study of the structure and shape of things.
Anatomy studies the structure, shape, size, proportion, position, and thereto related elements.
Stratal anatomy captures the morphology of a bedding plane, or a set of associated bedding
planes, and may display specific stratigraphic relationships (parallel, onlap, downlap, toplap,
truncation). Stratal anatomy may be related to a particular rock type and/or association of
rock types depending on the scale of observation (e.g. a depositional region or a facies zone can
contain particular anatomy)
Geometry concerns size, shape, and relative position of shapes and geologic properties in space.
Geometric figures, such as plane curves, can be represented analytically, i.e., with functions and
equations.
Spatial relationship is a measure of correlation between geologic properties, and can be inter-
rogated statistically.
Depositional architecture is the design of the total built environment (typical scale 1-100s km).
A depositional region is a composite belt of facies zones, specifying a spatial region across the
shelf-slope-basin transect.
A facies zone is a belt differentiated according to changes of sedimentological and biological
criteria across the shelf-slope-basin transect (Wilson 1975).
A sedimentary body is a package of genetically related beds, discrete biological buildups, and
other geological outcrop elements; size and shape are bounded by physical gradational, and/or
sharp and abrupt boundaries (typical scale 1-100s m).
A sedimentary body and thus all physical stratigraphic units are of finite extent - they are
lenses in the most general sense of term (as in Schlager 2005).
A depositional or diagenetic rock type refers to the original rock composition and texture,
and subsequent diagenetic overprint (typical scale 1-100s mm).
to transfer and integrate digitally acquired field data in so-called digital outcrop mod-
els (DOMs), as well as ways to progress the methods to analyze and interrogate these
models (Chapter 2 and 3, Fig. 1.2). The morphological data are essential for build-
ing quantitative 3D realizations of outcrop models. Capturing quantitative data on
the distribution of carbonate sedimentary bodies has for long been rendered diffi-
cult by the absence of accurate and affordable positioning equipment. Since these
systems have become available it has become possible to retrieve accurate spatial
outcrop data from carbonate platforms and geospatially analyze them.
The second goal is to use the extracted anatomical data to develop quantified
rules and concepts on the development of depositional architecture of carbonate
platforms and on the spatial distribution, super- and juxtaposition of carbonate
sedimentary bodies. This is where a DOM provides a practical use for a number of
applications such as gain quantitative insights on the stratigraphic development of
carbonate sedimentary systems, serve as a data environment for spatial data analysis,
provide a quantitative contrast and comparison with analog systems and use as
a template for testing statistical grid-based facies reconstructions. In siliciclastic
sedimentary systems object extraction from outcrop (e.g. Jenette and Bellian 2003,
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Løseth et al. 2003; Hodgetts et al. 2004) and object incorporation in reservoir
models (e.g. Caers 2004; Falivene et al. 2006) has already received considerable
attention. In carbonate environments this has proven to be more problematic given
the inherent depositional diversity and sensitivity to diagenetic modification.
In the second part of the thesis three case studies are presented in which the
digital field approach was carried out (Fig. 1.2). Orthorectified aerial imagery and
RTK GPS were utilized to reconstruct the stratigraphic architecture and lithofa-
cies distribution of an Upper Carboniferous carbonate platform in northern Spain
(Chapter 4) and of a Lower Jurassic carbonate platform slope in eastern Morocco
(Chapter 5). Digital field data were also recorded for the Moroccan case study in
outer-platform environments. The aim here was to document the stratal architec-
ture of facies stacking, and to complement the statistical analysis of the stacking
patterns, within a shoal-barrier complex (Chapter 6).
The third topic in the thesis revolves around the petrophysical properties of car-
bonate rocks, in particular acoustic wave propagation. Many authors, and in partic-
ular the Amsterdam Group (Vrije Universiteit), have been investigating the actual
reflection seismic expression of carbonate stratal anatomy extensively through syn-
thetic seismic modeling of outcrops (Rudolph et al. 1989; Biddle et al. 1992; Stafleu
1994, 1995ab; Campbell and Stafleu 1992; Bracco Gartner and Schlager 1999; Bracco
Gartner et al. 2002; Kenter et al. 2001, 2003; Braaksma et al. 2006) and subsur-
face interpretation (Zampetti et al. 2004ab; Campbell 2005). Also, they published
case studies investigating the relationship between the geologic and petrophysical
parameters that control the seismic response of both siliciclastic and carbonate sed-
imentary rocks (Kenter and Ivanov 1995; Kenter et al. 1997ab; 2002; Braaksma et
al. 2003). In this thesis more detail is given to the effect of rock texture on acoustic
behavior of carbonate rock samples and to the effects of changing fluid type on the
acoustic properties. The acoustic properties of porous media are investigated on plug
scale (i.e., cm’s) for a global database which spans both carbonate and siliciclastic
rock types (Chapter 7, Fig. 1.2). Carbonate rocks are then investigated using a
variety of samples from ancient carbonate platforms, where emphasis is placed on
the relationship between geological parameters, rock texture, acoustic characteristics
and saturation behavior (Chapter 8).
Through the case studies considered in this thesis three fundamental questions
relevant to both academia and industry are addressed:
1. What is the most effective way to extract spatial data from outcrop, and how
is such data best defined?
2. What is the best way forward to utilize extracted quantitative information
from outcrops to develop quantitative rules and guidelines on stratal anatomy
of carbonate platforms?
3. What controls the acoustic properties of carbonate rocks that control how
sedimentary systems are imaged in the subsurface by reflection seismic?
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Whereas outcrop models can provide important information on reservoir architec-
ture and heterogeneity, it is not entirely clear how such information can be used
exhaustively in geostatistical reservoir modeling. In the synthesis (Chapter 9), a
fourth question is discussed:
4. How can high-resolution spatial outcrop observations help to enhance under-
standing of processes operating in carbonate sedimentary systems? And how
does this improve subsurface predictability?
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Digital outcrop models: technology and
applications
2.1 Introduction
Many reservoir models do not comprise detailed geological features that could drive
subsurface flow. In order to improve inter-well correlation and subsequent charac-
terization of subsurface reservoirs it is essential to obtain and embed quantitative
data on geological heterogeneities. Outcrops are still the most important source for
learning more about the shape, size and distribution of sedimentary bodies for the
reason that they permit direct visual observation of rock types and their spatial
arrangement. In contrast, in subsurface studies, well bores offer detailed but only
limited spatial information. 2D and 3D seismic imagery provides detailed informa-
tion on geometrical properties but remains a convolution of a rock formation with
an acoustic signal. The need for quantification of geometric properties of sedimen-
tary deposits from outcrop is therefore clear and widely acknowledged especially
of those of carbonate depositional systems. Ultimately, quantitative models from
outcrop provide subsurface modelers with key information on reservoir architecture
and heterogeneity, and allow improvement of geostatistical and geometric modeling
tools to better constrain subsurface modeling. However, few data sets have been
published that provide high-resolution measurements of stratal anatomy, lithofacies
boundaries and spatial distribution of physical properties. One of the reasons for the
apparent lack of such information, is the difficulty of capturing the 2D and where
accessible the 3D geometry in a reliable and accurate manner.
Digital mapping techniques such as real-time kinematic global positioning sys-
tems (RTK GPS) and terrestrial scanning lidar are now standard tools in outcrop-
based geologic studies (see Jones et al. 2004; Verwer et al. 2004; Adams et al. 2005;
Bellian et al. 2005; McCaffrey et al. 2005 and references therein). Digital tools
This chapter is based on: Verwer, K. Adams, Adams, E.W. and Kenter, J.A.M. (2007) Digital
outcrop models: Technology and applications. First Break v. 25, p. 57-63. Reprinted with
permission.
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allow quantification of geologic outcrop features by spatial positioning, i.e. one
connects a variety of geologic measurements and interpretations to the correct ge-
ographic spatial position. The technique, which brings together modern techniques
and traditional field geology has emerged rapidly over the last 5 to 10 years and is
called digital field geology. The process of integrating the field observations with
their spatial attributes is called digital outcrop modeling.
The quantitative data obtained from digital mapping are used to construct a
digital outcrop model (DOM). The aim of a DOM is to assemble as much outcrop
data as possible to reconstruct the 3D architecture of the geologic system under in-
vestigation. This goes beyond simply draping a photograph over a regularly spaced
digital elevation model. It includes integrating many different data types and tech-
niques which will be described in a subsequent paragraph. Subsequently, DOMs can
be translated and populated with the use of various geostatistical tools into static
geocellular models. These static models can be used: 1) as quantitative analogues
for subsurface reservoirs of similar age and/or depositional system, 2) as input for
dynamic reservoir simulation models, 3) for seismic modeling, and 4) for learning
purposes especially if visualized in 3D in Virtual Reality (VR) centers.
In this chapter, we present a workflow for digital field geology. In addition,
we present two digital outcrop model examples of carbonate outcrops and evaluate
and demonstrate their success to enhance academic understanding of the mecha-
nisms that control carbonate depositional systems and, secondly to better constrain
subsurface modeling. The first example comes from the Carboniferous of Spain
(cf. Chapter 4); the second example deals with the Devonian of Western Australia.
For other examples of DOMs and multiple quantitative data-source integration tech-
niques from siliciclastic as well as carbonate systems the reader is referred to Chapter
3.
2.2 Digital outcrop modeling
All digital outcrop-based studies start with conventional geologic observations. For
example, vertical sections are measured and described in detail to provide an under-
standing of lithofacies characteristics. The stratigraphic stacking sequence is defined
and a conceptual model is established for the system being investigated. Further-
more, one has to asses the tectonic situation of the object under investigation. In
other words before deploying digital field geology the geological framework has to
be established. Hereafter, these conventional geologic observations can be expanded
and recorded simultaneously making use of digital field-methods and loaded into a
DOM. Below is a description of the typical workflow for building a DOM (Figure
2.1).
The Sierra del Cuera case study (Carboniferous of Spain) is presented in Chapter 4 and omitted
here for brevity reasons.
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Step 1 - Outcrop selection
The first step in digital field geology is the selection of a quality study object with
appropriate scale and type relevant to the unit being studied. The outcrop selected
should conform to the following criteria: 1) safe and accessible, 2) well-studied and
documented, 3) continuous and large scale exposure to measure stratal anatomy, 4)
assessed structural deformation appropriate to the study objectives, 5) availability
of quality imagery (satellite imagery or aerial photography) in combination with dig-
ital elevation models (DEMs) for visualization and to support the regional geologic
context. Outcrops can have several styles of exposure such as cross-sectional cuts,
canyon systems or exhumed topography, which all offer multiple slices through the
stratal volume. Outcrop selection can therefore influence the effectiveness of the
model.
Step 2 - Digital field geology and collection of spatial data
Prior to an outcrop study the construction of a base map from digital elevation
models and aerial imagery is essential. Spatial point data collected with RTK GPS
and terrestrial scanning lidar can be loaded into the digital base map. All data can
be assembled and visualized in standard GIS software packages.
RTK GPS allows collection of discrete point data by physically standing on
the exposure with an RTK GPS receiver. In this way, each observation is directly
recorded. Dimensions of geological elements, or fracture corridors are easily quan-
tified by mapping in this way. Stratigraphic sections can be georeferenced and
incorporated into the dataset as pseudo-wells. Lateral variations in rock attributes
(e.g. lithofacies transitions) can be recorded by walking along stratal contacts. By
recording lithofacies variation at specified locations one obtains information on lat-
eral lithofacies changes with spatial relationship preserved. For the petroleum in-
dustry, this would be similar to geosteering a well along a stratigraphic contact.
Typically this method collects a few points per minute to as many as one point per
second.
Scanning lidar is a more ”continuous”measurement technique where point clouds
are collected over entire outcrop walls. Scanning lidar instruments can collect many
thousands of points per second and some offer laser intensity of the return pulse in
addition to x, y, z position. These data can be georeferenced to use in conjunction
with directly sampled data such as RTK GPS. The utility of scanning lidar is that a
high-resolution model of the outcrop is captured to examine how discrete point data
from RTK GPS follow outcrop morphology, or to obtain spatial data from remote
locations. Current research is ongoing to extract data on rock attributes, such as
bedding properties and lithology, in an automated sense using laser intensity and
shape attributes of the outcrops face.
Complementary data on for example fault systems, outcropping beds and litho-
logical formations can be obtained from remote sensing such as orthorectified pho-
tographs and multispectral satellite imagery.
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Step 3 - Data integration and framework
Step 4 -  Geostatistics and model population
Bar facies 
(subtidal and intertidal)
Tidal flat facies 
(inter- to supratidal)
Lagoon facies 
(sub- to intertidal)
Step 1 - Select study object
Analogue - Contrast / comparison
Application - Seismic modeling and flow simulation
Step 2 - Digital field data acquisition
Figure 2.1: Digital outcrop modeling workflow diagram. Green arrows indicate flow di-
rection from upper left to lower right. Seismic section after Bracco Gartner and Schlager
(1999); analog image after Weber et al. (2003). See text for discussion.
Spatial data can be collected in several ways and classified from hard to soft
data. Hard data are physical ground observations such as vertical sections, or RTK
GPS traced stratal surfaces or fault planes. In this paper we define soft data as
un-anchored, or non-ground-truthed observations, such as unsupervised data points
collected from satellite or lidar imagery. This does not infer that soft data are
interpreted and of lower quality per se. For example a stratal contact digitized on
lidar imagery is soft data, but its geometrical data are of equal quality as an anchored
RTK GPS data point. The assigned attribute, however, remains an unsupervised
classification with different confidence level.
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Step 3 - Data integration and framework building
One of the key advantages of digital geology is that there is continuous feedback of
field observations. One starts integrating multi-scale observations while conducting
fieldwork. For example RTK GPS data and lidar images are recorded, integrated
and serve as a 3D template for static model building and can be incorporated nearly
instantaneously. Cumulative error in spatial positioning is in the order of several
decimeters, and results from inaccuracy of RTK GPS, lidar and imagery, and merging
different datasets into one single coordinate system. After the data are satisfactorily
merged, the first step in building the static model is the construction of the strati-
graphic and structural framework. The RTK GPS-traced stratal surfaces, faults,
and measured sections along with horizons picked on lidar images, are integrated
to reconstruct stratigraphic horizons and fault planes. These form the deterministic
skeleton from which a spatially correct 3D geocellular model, the next step in digital
outcrop modeling, is constructed.
Step 4 - Geostatistics and model population
The next step is to model the facies partitioning within discrete zones conditioned
by digital recorded outcrop observations. The continuous recorded data provide the
possibility to create distribution maps of, for example, environment of deposition.
These maps offer information on abundance of lithofacies types, and provide data on
the size, geometry and spatial distribution of sedimentary bodies. Spatial statistics
obtained from areas with high data density are subsequently used to populate areas
with low data density.
The resulting geological facies model can be linked to petrophysical properties
by incorporating petrophysical measurements from outcrop samples or derived from
other (subsurface) petrophysical data sets. Property models that can be constructed
from these outcrop-based geocellular models include density, porosity, acoustic ve-
locity, and permeability (e.g. Verwer et al. 2006; Janson et al. 2007b).
2.3 Applications and analogues
Synthetic seismic models generated from outcrop data help explain subsurface seis-
mic reflection patterns (e.g. Bracco Gartner and Schlager 1999, Janson et al. 2007a).
Fluid flow simulation can help better understand and predict subsurface reservoir
behavior. A DOM can be directly used for both purposes. In addition, DOMs vi-
sualized in 3D in Virtual Reality (VR) centers present an excellent and integrated
learning opportunity for both reservoir geologists and engineers.
The use of a DOM for detailed contrast and comparison with particular reser-
voirs to improve reservoir characterization is more complicated. Studies of outcrop
analogs are valuable because they constrain interpretations and lend predictability to
unraveling facies patterns in subsurface reservoirs. However, the results from digital
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outcrop studies are not directly transferable to subsurface reservoirs, in particular
in carbonate environments given depositional diversity and diagenetic modification.
The DOM, nevertheless, aids in understanding the anatomy of carbonate platforms
and provides numerical data on the possible spatial distribution of the different
platform elements. Hereafter follows a case study in which digital outcrop modeling
shows its direct applicability to reservoir development. For the second case study
the reader is referred to Chapter 4.
2.3.1 Bugle Gap area
Frasnian (Upper Devonian) outcrops of the Canning Basin of Western Australia re-
veal textbook examples of retrograding and backstepping carbonate platform mar-
gins driven by high rates of subsidence (Playford 2002). The outcropping reef com-
plexes in the Bugle Gap area are well exposed, show minor tectonic deformation,
and have an exhumed topography, i.e., the present day topography mirrors the de-
positional profile of the Devonian seafloor. The outcrops are recognized by a set of
pinnacle reefs forming the southern tip of a carbonate platform (Fig. 2.3a). The
pinnacle reefs extend for about 500 m and have a maximum height of 30 m approxi-
mately. Through time, as the carbonate system built up, it developed backstepping
and retrograding margin styles (Fig. 2.3b) ensuing in a size reduction of the system.
Attic oil accumulations associated with small buildups atop larger carbonate
platforms are previously discovered in the subsurface Devonian Leduc Formation
of Canada (Atchley et al. 2006). Offshore seismic examples from the Tertiary of
Southeast Asia illustrate isolated carbonate platforms becoming aerially less exten-
sive and shifting from flat-topped platforms to pinnacle reefs under the influence
of a progressive increase in accommodation space (Zampetti et al. 2004). While
high-resolution seismic data are necessary to detect these small buildups or pinna-
cle reefs, quantitative data from an analogous outcrop setting can provide input to
numerically assess the pace of development of these isolated buildups, and secondly,
Figure 2.2 (facing page): =⇒ Case study in Bugle Gap area of Canning Basin, West-
ern Australia reconstructing the evolution of a Frasnian pinnacle reef system. a) Oblique
aerial photograph showing exhumed topography. b) Outcrop photograph taken at Glenis-
ter Knolls No. 2 illustrating a downlap surface, i.e., a backstep event. c) Schematic model
illustrating the evolution and architectural elements observed and recorded in the field. d)
Digitally constructed geologic map of study area showing distribution of depositional envi-
ronments. e) Modeling snapshots illustrating step-by-step model construction. To model
the vertical stratigraphy of the reef-margin environment, a standard kriging technique was
used to fit and interpolate surfaces between data points that were collected at stratigraphic
contacts (colored spheres). Fitting between data points recorded at the contact between
slope and platform stage 1 and 2, respectively, created two near-vertical surfaces (e.g. yel-
low surface). These two surfaces were combined and the backstep, or downlap surface, is
created by the horizontal breach (green surface) between the two surfaces (black arrow).
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information on their internal heterogeneity.
The evolution of the Frasnian carbonate platform and pinnacle reef system of the
Bugle Gap area was evaluated, the stratigraphic and depositional contacts were dig-
itally recorded with RTK GPS, and all data assembled, visualized, and modeled into
a DOM (Adams and Hasler 2007). The relationship between mapped depositional
contacts and outcrop topography was visualized by combining the digitally collected
outcrop data with a DEM. Figure 2.3c-e illustrates the step-by-step procedure by
which a 3D geologic model of one of the pinnacle reefs was constructed. Volumes
representing different depositional environments can be displayed and calculated. A
model was constructed restoring recent erosion. A crucial result of this study is that
numerical data can be extracted for each different stage of platform development
on platform-top surface area and volume. Subsequently, these empirically obtained
data can be used as input parameters for stratigraphic forward modeling to evaluate
the style, volumetrics and pace of platform size reduction under the influence of
increasing accommodation (Hasler et al. 2007). In summary, the DOM of the Devo-
nian of the Canning Basin captured the development of a pinnacle reef system and
quantified backstepping and retrograding patterns and the ensuing size reduction
of the build up. By numerically understanding such systems we are able to better
constrain subsurface uncertainties related to the volumetrics and architectural style
of development of carbonate systems that are controlled by high rates of subsidence.
2.4 Conclusions
Digital mapping tools, such as RTK GPS and lidar, are becoming standard in ge-
ologic fieldwork. These tools tie geologic observations and interpretations to its
correct geographic spatial position. These data can be efficiently integrated into a
digital outcrop model (DOM), which offers the following advances:
 In a DOM spatially constrained geological observations can be visualized and
interrogated from any perspective, preserving scale and geometry. Interpreta-
tions can be projected onto any random plane to extrapolate true-strike and
true-dip perspectives. For example, a DOM can be flattened at specific strati-
graphic horizons or one can change vertical exaggeration.
 A DOM captures numerical information on geologic heterogeneity from out-
crops in 3D. Abundance of lithofacies, and size and nature of lateral facies
transitions are quantified and directly stored in the digital domain. Complex
information on the anatomy and dimensions of sedimentary bodies can effi-
ciently be transferred to static models.
The applications of a DOM are manifold:
 Static models derived from DOMs can be used for seismic modeling or testing
dynamic reservoir simulation.
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 DOMs are useful for quantitative contrast and comparison with analogue sub-
surface reservoir deposits.
 DOMs provide the quantitative framework for the development of geostatistical
population methods for better constraining subsurface modeling.
Not discussed in detail in this chapter but worth mentioning is that a DOM
provides an excellent learning dataset especially when visualized in Virtual Reality
Centers. In addition, numerical outcrop data captured in a DOM improves the com-
munication between geologists and members of other disciplines such as geophysicists
and reservoir engineers.
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Chapter 3
Spatial geologic outcrop data in analog
studies: Recent advances and current
practice
3.1 Introduction
A reservoir model should accurately replicate features affecting fluid storage, distri-
bution and flow. To accurately characterize the reservoir, one must first address the
geologically defined variability in the system (Adams et al. 2007). The architec-
ture of the depositional systems, gross differences in sedimentary facies, as well as
more local variations in aspects such as grain size, type plus sorting and sedimentary
structures may all influence the internal makeup and geometry of sedimentary bod-
ies, and thus the depositional heterogeneity of potential reservoirs. Post-depositional
processes, such as dissolution and re-precipitation can subsequently affect the de-
positional bodies and can result in a net increase or decrease of matrix porosity.
Integration of key geological discontinuity features that potentially drive subsurface
flow is, therefore, a fundamental step in the characterization of reservoir facies in the
subsurface (Tinker 1996). Such a geologically based model not only increases the
understanding of reservoir heterogeneity, but also provides the foundation for static
reservoir models and simulation models.
In many reservoirs, however, control on the anatomy and spatial distribution of
sedimentary bodies is far from optimal. Wells are often widely spaced and seismic
imaging may resolve grand-scale architecture of the depositional system but has
finite horizontal and vertical resolution.
Outcrops have been shown to provide valuable insight into the understanding
of the anatomy of carbonate depositional systems. They provide insight in spatial
distribution of sedimentary bodies and reveal large-scale architecture of depositional
systems (cf. Grammer et al. 2004). Outcrops permit direct observation of carbonate
matrix heterogeneity and bridge the resolution gap between seismic - and well data,
i.e., inter-well space. Though outcrop data can provide important information on
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reservoir architecture and heterogeneity, however, it is not entirely clear how such
information can be used exhaustively in geostatistical reservoir modeling (Caers and
Zhang 2004). Prior information data from outcrop studies are often conceptual
models and as such not directly transferable to subsurface reservoirs.
Table 3.1 gives an overview of selected literature examples of outcrop analog
studies in exploration. It is apparent that most outcrop studies in exploration pro-
vide important, but abstract, information on the depositional architecture, possible
super- and juxtaposition of sedimentary bodies and their detailed properties (e.g.
facies). Moreover, outcrop data are qualitative and not numeric, with poor control
on uncertainty. Only through conversion of outcrop data to numeric descriptors with
a spatial attribute, quantification of the anatomy of a sedimentary system can be
achieved. This ultimately aids in better understanding sedimentary processes, and
also in generating predictive earth models.
In recent years digital field tools (e.g. laser scanning, photogrammetry, and/or
global positioning systems) have gained popularity to register conventional geologic
observations within a spatial framework (Table 3.2, Bellian et al. 2005). Though
these tools have shown to be a powerful visualization and communication aid, the
main point has revolved around digitally capturing data from outcrops (e.g. Jones
et al. 2004). As a consequence, research on how to analyze such spatial data sets has
been trailing somewhat behind, leaving the geological community skeptical towards
use of digital field technologies as a valuable asset. Since high-precision spatial data
are now routinely acquired to create digital geospatial databases, research needs to be
directed towards spatial analysis of outcrop data and its application in geostatistics,
and thus go beyond just merely produce ”pretty pictures.”
The methodology of utilizing outcrop data covers several research aspects: how
can outcrop data be spatially captured, quantitatively represented, and attributed
an associated uncertainty or reliability (cf. Verwer et al. 2007)? And then how
might this outcrop data be evaluated and used so to make geology more accurate
and transferable between geoscientists (Wood and Curtis 2004)? In this chapter,
we evaluate the type of spatial data that can be extracted from carbonate outcrops.
Digital outcrop models (DOMs) are a central theme in this advancement as they
provide the deterministic georeferenced skeleton through which the architecture of
the depositional system is reconstructed (Chapter 2). Through this, morphological
data on body geometry and geostatistical relationships of geologic properties can be
extracted and analyzed. In this chapter: 1) Outcrop data will be discussed from a
general perspective, as well as the advantage of spatially constrained and numerically
described outcrop data. This is illustrated by a number of case studies on outcrops
of carbonate platforms; 2) An overview on the most commonly used geostatistical
tools in subsurface reservoir modeling of carbonate sedimentary (dis)continuities will
be discussed; and finally, 3) Perspectives on extracting spatial data from carbonate
sedimentary systems will be discussed.
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3.2 Capturing spatial data with outcrop models
The greatest advantage to outcrops is accessibility (Table 3.3). Whereas in the
subsurface sedimentary systems are imaged remotely through reflection seismic and
usually sparsely penetrated by well bores, in outcrop carbonate heterogeneity can
be observed directly and in three dimensions (3D). This has the direct effect that
the degree of uncertainty in outcrop interpretation is much smaller, or the degree
of control much higher, than in subsurface studies. Outcrops allow generation of
observations on a whole range of scales, from petrographic thin section (several
cm’s) up to the depositional architecture (several to tens of km’s), and as a result
bridge the resolution gap between seismic and well data (Fig. 3.1). Outcrops lend
themselves for the following studies: 1) The vertical and lateral stacking (mostly
in 2D cross sections) of sedimentary bodies can be evaluated, i.e., outcrops capture
both spatial and temporal patterns; 2) Different geologic time periods and as such
the impact of ecological evolution on sediment accumulation can be studied; 3)
The influence of different geotectonic settings on the development of sedimentary
basin can be tested; 4) It is possible to assess sedimentation patterns over time
within a sedimentary system internally, for example changes in sedimentation as a
result of relative sea-level fluctuations; 5) One may sample outcrops for laboratory
measurements for geochemical and petrophysical characteristics across continuous
transects rather than along unidirectional, usually vertical trajectories.
3.2.1 Conventional data from outcrop
Field geoscientists collect and interpret a wide variety of outcrop data at a wide
range of scales (Fig. 3.1). Such observations include observations on rock types,
by taking field logs, photo mosaics, cross sections or rock samples. Conventionally
in field geology, registration of those data is carried out using largely paper-based
methodology for both data collection and interpretation (McCaffrey et al. 2005).
From such data interpretations are generated and represented in geologic models.
Next, rules and concepts are set up, which can be used to understand the ancient
sedimentary system, and subsequently potentially be applied in subsurface reservoir
evaluation. This knowledge is called ”prior information” (cf. Wood and Curtis,
2004) and is commonly stored in the form of conceptual models.
Because of the paper-based registration of the data, however, and personal-bias
of a geologist in making observations and interpretations, the traditional mapping
process creates data that is tacit and descriptive, rather than quantitative (Jones
et al. 2004). Tacit knowledge is knowledge that is difficult to express; knowledge
that remains internalized. Explicit knowledge, in contrast, is in a format that can
be communicated to others (Nonaka and Takeuchi 1995). Examples of tacit data
are data such as interpretation of environments of deposition, subdivisions of plat-
form stage development and sequence stratigraphic interpretation. A drawback of
such qualitative data is related to the absence of a spatial attribute, or a numeric
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Figure 3.1: Diagram showing range of scales of geological parameters (modified from Heinz
and Aigner 2003). Sedimentary bodies, outcrop and depositional architecture are digitally
captured with digital field tools (hatched bars).
descriptor. As a result data stability problems may emerge, for instance, from ob-
server to observer. One interpreter might describe and interpret differently based
on experience, personal preference, and lack of standardization. Also, any geological
interpretation is non-unique. This non-uniqueness exists because of both incomplete
input data (for instance the lack of 2D/3D exposure in outcrop, but also the lack of
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’active’ spatial attributes, as such data are inherently not 3D) and the different pos-
sible interpretations of the collected data. Frequently only one solution is presented,
the a priori assumptions used in interpretation are not often specified and the un-
certainties associated with an individual interpretation are rarely quantified. Also,
a data transfer problem is introduced. Qualitative descriptions do no lend them-
selves readily for comparison with other remotely sensed data sources, e.g. aerial or
satellite imagery and seismic profiles. Lastly, data are lost or misinterpreted when
collaborators from same or different disciplines attempt to transfer projects.
3.2.2 Quantitative data from outcrop: the digital approach
In a DOM geologic field observations are spatially referenced through digital field
tools (e.g. RTK GPS and lidar) and data are stored in the digital domain in the
field directly (Bellian et al. 2005; Verwer et al. 2007, Chapter 2). As such a
DOM captures numerical information on geologic heterogeneity from outcrops in
3D. Through this process complex morphological information on the anatomy of
sedimentary bodies is made accessible, such as the geometry of clinoforms, width
and height of reefal build-ups, and the distance over which lateral facies changes
occur (Fig. 3.2). Therefore, the registration of conventional geologic observations in
space through digital field technologies makes geologic interpretations more precise
and reliable (Jones et al. 2004).
Disadvantages for any outcrop study include the way in which a sedimentary
system is exposed - intersected by the morphology - in outcrop and exposes stratal
anatomy (Table 3.3). The degree of exposure clearly influences the potential of
an outcrop. The style of exposure can range from 2D cross-sectional cuts, canyon
systems to exhumed topography, which all act as multiple slices through the stratal
volume. This influences the geometry of how stratal surfaces and sedimentary bodies
are truncated in 3D. This affects the accessibility of the outcrop. For digital studies
in particular this affects the collecting and using spatial outcrop data and hence the
statistical distribution of acquired field data. Furthermore, issues of stationarity are
often difficult to appreciate in outcrop. Stationarity concerns whether the geological
elements exposed are representative for all the similar elements in the sedimentary
system in terms of size and geometry. Gradual lateral trends, for example, may not
be visible in the particular exposure. This may influence the statistical stability of
the extracted data set. Similar issues concern ergodicity. For example, does the
size of the outcrop affect the capture of the studied geological elements, e.g. are
the objects larger than the outcrop (Caers and Zhang 2004)? Outcrop selection can
therefore (strongly) influence the resulting effectiveness of the model. Not all field
data can be numerically represented, for example rock type, but the addition of a
spatial attribute (i.e., X, Y, Z coordinates) registers the observation in space. It then
allows for geostatistical analyzes and reduces uncertainty in interpretation because
its location is constrained.
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Table 3.2: Overview of journal publications involving digital field technologies in spatial
data studies. Only journal published case studies considered. 1TS = Total station, 2DI =
Digital imagery.
No. Author(s) Location Age Technology Aim
1 Adams et al.
2002
Southern Alps and
Gargano Promontory,
Italy
Tertiary TS1 Slope geometry and sediment
fabric
2 Adams et al.
2004
Nama Group, Namibia Terminal Pro-
terozoic
GPS Large scale architecture
3 Adams et al.
2005
Nama Group, Namibia Terminal Pro-
terozoic
GPS Sediment bodies
4 Banerjee and Mi-
tra 2004
Sheep Mountain anticline
Wyoming, USA
Carboniferous-
Triassic
DI2 Remote surface mapping
5 Bellian et al.
2005
Generic methodological - Lidar Remote surface mapping
6 Blendinger et al.
2004
Dolomites, Italy Triassic DI2 Large scale architecture
6 Bracco Gartner
and Schlager
1997
Generic - TS1 Remote surface mapping
7 Della Porta et al.
2004
Sierra del Cuera, Spain Carboniferous GPS Large scale architecture/ Sedi-
ment bodies
8 Dhont et al.
2004
Generic - DI2 Remote surface mapping
9 Ferna´ndez et al.
2004
Ainsa Basin, Spain Paleocene/
Eocene
GPS Large scale architecture/ Sedi-
ment bodies
10 Hasler et al. In
press.
Canning Basin, Spain Devonian GPS Large scale architecture
11 Hodgetts et al.
2004
Tanqua Karoo, Spain Permian GPS Large scale architecture/ Sedi-
ment bodies
12 Janson et al.
2007a
Victorio Canyon, Texas,
USA
Permian Lidar Large scale architecture/ Sedi-
ment bodies/Synthetic seismic
13 Janson et al.
2007b
Sacramento Mountains,
USA
Carboniferous Lidar Sediment bodies/GPR
14 Jones et al. 2004 Generic methodological - GPS,
TS, DI
Large scale architecture/ Re-
mote surface mapping
15 Labourdette and
Jones 2007
Ainsa Basin, Spain Paleocean/EoceneLidar Sediment bodies
16 Lee et al. 2007 Ferron Sandstone, Utah Cretaceous Lidar Sediment bodies
17 McCaffrey et al.
2005
Generic methodological - GPS,
TS, DI
Large scale architecture/ Re-
mote surface mapping
18 Phelps and Ker-
ans 2007
New Mexico, USA Permian Lidar Remote surface mapping/ Sedi-
ment bodies
19 Pringle et al.
2004
Derbyshire, UK Carboniferous DI Sediment bodies
20 Pringle et al.
2006
Generic - GPS,
TS, DI,
Lidar
Sediment bodies
21 Purkis et al.
2005
Arabian Gulf, UAE Modern GPS,
DI
Landscape analysis
22 Rankey 2002 Andros Island, Bahamas Modern GPS,
DI
Landscape analysis
23 Redfern et al.
2007
High Atlas, Morocco Triassic Lidar Large scale architecture/ Re-
mote surface mapping
24 Tomasso et al.
2006
Texas, USA Permian Lidar Remote surface mapping/ Sedi-
ment bodies
25 Verwer et al.
Chapter 6
High Atlas, Morocco Jurassic GPS Large scale architecture/ Sedi-
ment bodies
26 Verwer et al.
Chapter 4
Sierra del Cuera, Spain Carboniferous GPS Large scale architecture/ Sedi-
ment bodies
27 Verwer et al.
Chapter 5
High Atlas, Morocco Jurassic GPS,
lidar
Large scale architecture/ Sedi-
ment bodies
In digital outcrop studies two basic scales of morphological information are rec-
ognized (Fig. 3.1, Table 1.1). The first is large-scale carbonate platform architecture
(ramp vs. high rising platform, attached to a landmass, or isolated, rimmed or non-
rimmed), recognized through the height of the platform above the surrounding basin
floor, and the steepness of the surrounding slopes. The large-scale (tens of km’s) ar-
chitecture of a depositional system is generally appreciated from distant pictures of
large-scale undeformed outcrops (e.g. Pomar 1991, Bosellini 1984), or from seismic
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data (e.g. Neuhaus et al. 2004; Zampetti et al. 2004a).
The second scale is described by sedimentary and diagenetic bodies. These are
packages of genetically related beds, discrete biological buildups, and other geological
elements within carbonate platforms. They are physical, self-contained, bodies of
rock, which size and shape are bounded by gradational, and/or sharp and abrupt
boundaries. Sedimentary bodies are arranged in facies zones, which in turn are
arranged in depositional regions. Diagenetic bodies may be on the same scale-
range as sedimentary bodies, but they don’t need to follow the same boundaries as
sedimentary bodies, and thus may follow or crosscut depositional relationships. The
physical boundaries of sedimentary and diagenetic bodies are largely at the scale of
an outcrop (meters to hundreds of meters).
In subsurface studies, often, the large-scale platform architecture is determinis-
tically established from horizons picked on reflection seismic images, subsequently
facies bodies are modeled stochastically within the zones in the model.
Applications of digital outcrop studies are focused around accurately reconstruct-
ing the stratigraphic architecture of the sedimentary system under investigation, and
extracting data on the anatomy of outcrop features (Fig. 3.2). Here, one of the key
components of an accurate spatial 3D model is the building of the stratigraphic and
structural framework in which the data are distributed (Tinker 1996). The deposi-
tional architecture is deterministically reconstructed by three-dimensional surfaces
modeled through the lidar- and RTK GPS-traced bedding planes and faults. Con-
ditioned to the outcrop data, they are designed to reflect observed stratal anatomy
and conceptual steps in the depositional model and reveal geometric relationships
such as downlap and truncation. This framework, the DOM, subsequently, serves
as starting point for further applications. For example, geocellular, or grid-based,
outcrop reconstructions provide templates for testing geostatistical population meth-
ods (see next section). Property-populated DOMs then allow sensitivity testing for
synthetic seismic modeling and dynamic simulation.
The spatial analysis of anatomical data covers two different approaches: a) an-
alyzing morphological data on shapes and surfaces, for example through functions
and equations (e.g. Adams and Schlager 2001). And, b) evaluating the spatial rela-
tionships between geological properties: For example by descriptive statistics which
are summaries about the sample and the measures (graphical, tabulated) and show
how different subjects seem similar or differ, examples include mean, variance, range
(e.g. Adams et al. 2005). Or by inferential statistics, which comprises the use
of statistics to make inferences concerning unknown aspects of a population, e.g.
frequency probability and Bayesian inference (cf. Chapter 6).
Functions and equations extracted from anatomical data can be best imple-
mented in process-based forward modeling applications, whereas empirical based
statistical pattern analysis is realized in pattern replication procedures through sta-
tistical modeling (Koltermann and Gorelick 1996). The analytical separation is not
as prominent as indicated here, a certain overlap exists between the two tools (mathe-
matics vs. statistics) and goals (rule induction vs. pattern replication). Shapes and
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Table 3.3: Outcrops: Advantages/disadvantes.
Advantages Disadvantages
Accessibility Style of exposure
Two-dimensional/three dimensional exposure Degree of exposure
Observation on grand-scale architecture Lack of plane view
Observation on juxtaposition of sedimentary bodies Stationarity
Bridge the resolution gap between seismic and well data Ergodicity
Reduces uncertainty in interpretation Structural overprint
Captures temporal patterns Diagenetic overprint
Testing different tectonic settings
Testing changes sea-level fluctuation
Sampling for laboratory measurements
curves can be represented by functions and equations, but populations of shapes
(e.g. geometrical aspects of biologic build ups) can be statistically assessed. Also
one could asses how geological properties (e.g. facies) are statistically predictable
along a particular shape (e.g. a clinoform, Fig. 3.2).
3.2.3 Case studies - Recent advances and current practice
Table 3.2 gives an overview of published studies in which digital outcrop models sup-
ported geological studies, and from which spatial outcrop data could be extracted for
quantitative examination. Notable is the limited number of case studies, siliciclastic,
carbonate and methodological contributions included, which have been published to
date.
In the following section a number of case studies in which the digital approach
proved to add value to geological studies are reviewed. For example, Adams et al.
(2004) accurately reconstructed the stratigraphic evolution of a microbial boundstone-
dominated isolated carbonate platform in the Proterozoic of Namibia. Della Porta
et al. (2004) and Verwer et al. (2004, cf. Chapter 4, Fig. 4.2) reconstructed a model
of the depositional architecture of a high-rising and steep microbial boundstone-
dominated carbonate platform margin in the Pennsylvanian of northern Spain. Ver-
wer et al. (cf. Chapter 5, Fig. 5.11) documented the stratal anatomy and strati-
graphic evolution of a steep-flanked carbonate platform in the lower Jurassic of
Morocco. All three studies make use of RTK GPS captured ground observations
to reconstruct and illustrate the stratigraphic evolution of a carbonate platform,
and show how architectural changes occurred over time. Adams et al. (2005) char-
acterized thrombolite-stromatolite reef distribution in a carbonate ramp system in
the Proterozoic of Namibia. Making use of RTK GPS they captured geometries
of thrombolite-stromatolite build-ups. Subsequently the distribution of the dome-
shaped buildups is statistically quantified and modeled stochastically. Phelps and
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Kerans (2007) made use of lidar imaging to represent a Permian channel-levee com-
plex in a carbonate outer-ramp setting. They report on channel widths, channel-to-
levee relief and channel sinuosity reconstructed from digitally recorded (lidar) out-
crop observations. Janson et al. (2007c) documented a study on classical Mississip-
pian Waulsortian mounds across a carbonate ramp. They show how range of mound
size and architecture depends on position along the ramp profile spatially quanti-
fied with lidar. Verwer et al. (cf. Chapter 6, Fig. 6.3) illustrated how the spatial
development of an outer-platform shoal barrier complex in relation to changes in
accommodation space can be visualized with RTK GPS, and statistically evaluate
the observed lithofacies stacking patterns. Finally, Adams and Hasler (2007) utilized
the digitally reconstructed architecture of a small Devonian buildup in Australia to
calibrate forward models by comparing the observed and modeled architecture. This
allowed testing of the influence of various sedimentary processes on the evolution of
the buildup.
In the studies, this frequently enhanced outcrop observations that would have
been more difficult to appreciate from the outcrop without the digital approach.
Moreover, field data were acquired quantitatively and readily processed for quanti-
tative analysis. These are clear advantages of digital outcrop studies.
3.3 Utilizing spatial outcrop data: Geostatistical
modeling
Geostatistics can be defined as the branch of statistical sciences that studies spatial-
temporal phenomena and capitalizes on spatial relationships to model possible values
of variables at unobserved, unsampled locations (Caers and Zhang 2004). Though
in carbonate sedimentology many of the relationships between the products of sed-
imentary and diagenetic processes have been qualitatively described, their spatial
relationships traditionally have been poorly documented quantitatively. The lack of
data on such spatial relationships, and the need for uncertainty analysis, has led to
the application of stochastic methods for simulating facies heterogeneity in reservoirs
models (Haldorsen and Damsleth 1990; Srivastava 1994; Koltermann and Gorelick
1996). These are all aimed to predict rock properties at unsampled locations in
complex geological systems that are consistent with the available data (Olea, 1991),
and at providing tools for constructing reliable numerical reservoir models because
they:
1. Supply means to introduce a controllable degree of heterogeneity in facies and
reservoir properties,
2. Permit geological trends and data of different types to be accounted for by
geologic model realizations rather than by laborious manual processing,
3. Make it easier to perform sensitivity studies,
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Figure 3.2: Diagram and table illustrating types of spatial and quantitative anatomy infor-
mation can be extracted from outcrop.
4. and, provide a means to assess uncertainty (Deutsch 2002).
To be useful and reliable, however, the use of stochastic facies modeling algo-
rithms needs to be driven by appropriate quantified conceptual depositional models
(Falivene et al. 2007). Therefore, overcoming the lack of spatial relationship between
geological parameters is the major challenge of utilizing outcrop data in geostatistical
modeling.
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The purpose of statistical grid-based facies modeling falls into deterministic and
stochastic procedures (Fig. 3.3). Deterministic methods provide a facies reconstruc-
tion, which is a unique and smooth solution aiming at local accuracy (Isaaks and
Srivastava 1989; Journel et al. 2000; Fig. 3.5) whereas stochastic methods pro-
vide a set of geological models, or realizations, which can be used for quantifying
uncertainty.
3.3.1 Deterministic reconstructions
Deterministic facies reconstructions are based on interpolation algorithms and pro-
vide estimates of the most probable facies category at each grid node. In practice,
facies reconstructions are only useful in settings where hard data are abundant with
respect to sedimentary heterogeneity. Examples of the deterministic facies model-
ing methods are truncated kriging and truncated inverse distance weighting (which
are continuous methods, Deutsch 2002), and indicator kriging and indicator inverse
distance weighting (which are categorical methods, Journel 1983). The use of deter-
ministic methods for obtaining facies reconstructions has not been as widespread in
the literature as the use of stochastic methods for obtaining facies models (Falivene
et al. 2007). The scarcity of deterministic facies reconstructions in the literature
(compared to stochastic facies models, see below) is due to: a) the lack of digital
high-density (with respect to facies heterogeneity) detailed facies descriptions; and
b) the smoothing effect of deterministic methods (Isaaks and Srivastava 1989; Olea
and Pawlowsky 1996; Journel et al. 2000; Yamamoto 2005), which results in fa-
cies reconstructions yielding usually more homogeneous distributions compared to
the real heterogeneity distribution, limiting their predictive use. Moreover, as the
density of the data set with respect to facies heterogeneity decreases, the smoothing
effect of facies reconstructions increases.
3.3.2 Stochastic reconstructions
Stochastic methods provide a set of geological models, or realizations, which can
be used for quantifying uncertainty. All realizations present equiprobable facies
distributions, though not necessarily geologically valid. In each model all the facies
heterogeneity is replicated at global accuracy, i.e., the original facies input fractions
are honored when the variability in facies distribution is reproduced. Representing
fine-scale facies heterogeneity is accomplished by the use of algorithms incorporating
random numbers, which are sampled from probability distribution functions (i.e.,
functions assigning a probability of occurrence to every possible outcome, PDF),
and by the incorporation of data coming from outcrop analogs, or so-called soft data
(Falivene et al. 2007). Stochastic facies models are useful when heterogeneity is
not sufficiently restricted by hard data, but should represent a reliable assessment
of properties that are influenced by the whole facies distribution.
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Figure 3.3: Scheme for the classification and use of statistical grid-based facies reconstruc-
tion and modeling methods. Anatomy scale, and heterogeneity type definition are indicated.
Methods are illustrated with characteristics related to the conceptual depositional model
being produced.
A large number of published studies have used stochastic methods for facies mod-
eling; some relevant applications in the literature are outlined below. Methods be-
longing to the stochastic group are truncated Gaussian simulation (TGS), sequential
indicator simulation (SIS), multiple point statistics (MPS), and object-based models
(Viseur 1999; Strebelle and Journel 200; Falivene et al. 2006).
It is important to note that the aim of this chapter is not to cover all the available
geostatistical population methods developed previously; it is instead to focus on
selected methods that are currently widely used in modeling carbonate environments.
3.3.3 Population methods
Broadly, the facies population methods can be divided into two groups of modeling
algorithms: pixel-based or object-based (Fig. 3.3 and 3.4). A pixel-based method
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corresponds to a stochastic, direct sequential modeling algorithm (Deutsch 2002).
Such algorithms are usually fast and allow direct perfect hard data conditioning.
Common to these algorithms is that each cell of the simulation grid is visited long
a random path, and is assigned a value considering neighboring hard data (wells),
previously simulated cell values, and a model of spatial continuity (commonly a
variogram). The general modeling operation with object-based methods consists
of the introduction of objects replacing a background, which commonly represents
the most laterally extensive facies. The introduced objects can have different ge-
ometries and dimensions, reproducing the variability of elements in the depositional
model (Deutsch 2002). Objects are iteratively added and removed until a reasonable
match of the well data is reached. The most important difference between the two
types of methods in generating geological heterogeneity is how geological objects are
defined: through statistical moments (variograms or multiple-point statistics corre-
lation) for pixel-based programs versus through mathematical parameterization for
object-based programs.
The truncated Gaussian simulation (TGS), or facies transition simulation method
is designed to model pixel-based large-scale ordered facies progradation and retrogra-
dation. It allows the stochastic distribution of facies based on a given transition
between facies and a trend direction. The trend shape and direction are set in a de-
terministic way along with the position of the facies boundaries. A variogram is set
which describes the interfingering of the facies zones. The TGS has several limita-
tions when compared to the other geostatistical algorithms presented here (i.e., SIS
and MPS) because of its simplicity. The simplicity is induced by the imposed conti-
nuous facies ordering, and use of the variogram to characterize the spatial range of
the facies transitions. Secondly, TGS is not conditioned to vertical facies proportion.
In addition, clear disadvantages are the absence of the possibility to include small-
scale cyclicity in sedimentation, and the way in which the facies maps are drawn
which lack any spatial attribute. Advantages are certainly the easy manipulation
and fast population.
Sequential indicator simulation (SIS) is a pixel-based modeling algorithm used
to model facies without clear shape and boundary (Fig. 3.4). It allows a stochastic
distribution of a property, by calculating the probability of the occurrence of a facies
at a specific location based on a variogram. It provides the generation of multiple
realizations. Variogram-based algorithms such as sequential indicator simulation are
two-point statistics methods which allow integration of well - and seismic data using
the cell-based approach: First, the well data are assigned to the closest simulation
grid nodes. Then, all unsampled nodes are simulated conditional to well and seismic
data using a form of indicator kriging. Variogram-based geostatistics poorly reflects
a geologists’ prior conceptual vision of the reservoir architecture, as it is inadequate
in integrating geological concepts because the variogram is too limited in capturing
complex geological heterogeneity. The resulting distributions are ”homogeneously
heterogeneous” (Caers and Zhang 2004). The algorithm, however, is fast and targets
the original facies proportions. Trends and directional settings are also honored.
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Multiple-point statistics is a recently developed algorithm (Caers 2001; Strebelle
2002; Caers and Zhang 2004). In contrast to two-point statistical methods, multiple-
point statistics (MPS) combines the strengths of pixel-based and object-based tech-
niques. The algorithm retains the flexibility of pixel-based techniques by building
a model one pixel at a time; hence, data conditioning is easily achieved. And it
allows reproduction of facies shapes and patterns as is characteristic of object-based
techniques. Instead of assessing the correlation between two points, multiple-point
statistics expresses the joint variability at many more than two locations at a time,
as it searches for spatial configurations. Such multiple-point statistics cannot be in-
ferred from typically sparse well data but could be read from so-called training images
depicting the expected subsurface heterogeneities. The training image captures the
shapes, patterns, and distributions of sedimentary bodies. The algorithm basically
morphs and anchors a spatial geological concept to location-specific reservoir data
through a sequential pixel-based mode. Multiple equally probable realizations are
produced. The method has many advantages as it accurately depicts sedimentary
bodies within a reservoir, and can be constrained to seismic and well data. A train-
ing image does not need to carry any locally accurate information on the reservoir;
it needs only to reflect a prior stationary geological/structural concept of the hetero-
geneity to be reproduced. Training images are most often generated by object-based
algorithms freed of the constraint of data conditioning, using conceptual geological
knowledge. The input for a training image, however, listens to very strict criteria of
stationarity. Internal trends within training image data are prohibited. When mod-
eled elements are longer than the modeling grid a training image several times larger
than the modeling grid is to be utilized to assure the reproduction of large-scale cor-
relations (i.e., ergodicity, cf. Caers and Zhang 2004). As such, training images are
often difficult to obtain from outcrop, as the size of the outcrop is often insufficient
to capture large-size bodies, and outcrops rarely provide plane view observations.
However, training images can also be partially conceptual and partially data driven.
Object-based, or Boolean, algorithms have been developed since they allow mod-
eling geological geometries according to prior geological description (Fig. 3.3 and 3.4,
Deutsch and Wang 1996; Viseur 1999). Object-based techniques allow reproducing
crisp geometries, and permit the reproduction of more sharply bounded elements
than pixel-based ones. Facies objects mined from a statistical data set that encom-
passes geometric and dimensional data, are introduced and placed into a background
facies. The introduced objects can have different geometries and dimensions, and
are discretized according to the grid geometry. Objects are introduced until a set of
conditions is met. Among these, facies proportions are generally considered to be
the most critical. The conditioning on well data requires iterative ”trial-and-error”
corrections, which can be time-consuming, particularly when the data are dense with
regard to the average object size. The difficulty of this method from a geological per-
spective arises around the general absence of statistical data sets describing shape,
size and distribution of sedimentary bodies (e.g. Adams et al. 2005; Qi et al. 2007).
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Sequential indicator simulation
Truncated gaussian simulation
Object modeling
Multiple point statistics
Algorithm Fast/slow 
(F/S)
Conditioned 
(Y/N)
Pixel/object 
(P/O)
Geologic realistic 
elements (Y/N)
P
P
O
P/O
N F Y/N
Y F N
Y/N S Y/N
Y F Y/N
Figure 3.4: Three dimensional stochastic facies models generated from spatial outcrop data
by different object and pixel-based approaches (object modeling and sequential indicator
simulation). Table illustrates advantages and disadvantages of the various stochastic tech-
niques.
3.3.4 Outcrop data in geostatistics
In siliciclastic sedimentary systems object extraction from outcrop (e.g. Cunha et
al. 2001; Jenette and Bellian 2003; Løseth et al. 2003; Hodgetts et al. 2004; Purvis
et al. 2002; Satur et al. 2005), and object incorporation in reservoir models (e.g.
Caers 2001; Falivene et al. 2006) have already received considerable attention. In
carbonate environments this has proven to be more problematic given their inherent
depositional diversity and diagenetic modification.
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As discussed above, in most geostatistical algorithms carbonate heterogeneity, or
soft data, is either described as a discrete set of bodies with particular shape and
sharp boundaries; or by a variogram which captures the probability density of the
possible occurrence of facies based on the spatial correlation between point samples.
For quantification of spatial data from outcrop this has the following consequences.
To obtain a data set on discrete body statistics (size, shape, distribution), sedi-
mentary bodies have to be defined and physically quantified in the field. For this,
transformation of 2D outcrop measurements to 3D has to be carefully considered,
and directional trends within the data set have to be regarded (White and Willis
2000).
For siliciclastic depositional environments this might be simpler because the end-
member geological elements are much more distinct than for carbonate environments.
For example, in fluvial environments the width/thickness ratio is used in reservoir
models to estimate the lateral extent of sandy bodies in the subsurface (e.g. Labour-
dette and Jones 2007), and in deep-water environments tributary channels within
a background of mudstone can be characterized by channel width/thickness ratios
and channel sinuosity (e.g. Pringle et al. 2004). In carbonate depositional systems
one can argue, however, whether sedimentary bodies can be described as discrete,
sharply bounded objects. Clearly, patch reefs and Waulsortian mounds are discrete
objects, and as such readily available for quantification in terms of geometry (Adams
et al. 2005; Janson et al. 2007). But most sedimentary bodies in carbonates, how-
ever, are lenses of accumulated carbonate mud or sand and gravel with generally
gradational boundaries. These are tabular to lenticular shaped bodies from which
Wilkinson and Drummond (2004), in vertical successions, observe bedding thick-
nesses that follow exponential frequency distributions. From this they conclude that
bodies do not have an intrinsic characteristic scale. In combination with Walters’
Law, they attribute this to a stochastic process of sediment accumulation.
The vertical facies stacking results from random migration of depositional en-
vironments, and the nature of lateral (and resultant vertical) transitions may be
exceedingly complex (Wilkinson and Drummond 2004). From spatial analysis of
satellite images of Recent reef environments, also Rankey (2002) and Purkis et al.
(2007) suggest that facies patterns and shapes (including patch size) exhibit scale-
invariant properties (i.e., sediment patches do not contain a characteristic scale), as
controlled by self-organization of the sedimentary system. They also state, however,
that the modern reef systems are complex but definitely not governed by random spa-
tial distribution. This non-randomness is clear in terms of facies areas, gaps between
facies, and ordering of lateral transitions between facies. The discrepancy between
the suggested transition ordering in modern systems and the statistically demon-
strated vertical randomness of facies in ancient peritidal successions (cf. Wilkinson
et al. 1999) could possibly be explained by the demonstrated incomplete strati-
graphic record (Algeo and Wilkinson 1988; Burgess and Wright 2003) or in the effect
of external forcing inducing random lateral and vertical transitions that disrupt the
ordered internal signal (Rankey 2002).
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From the point of object quantification for carbonate environments from outcrop
it might therefore be more sensible to commence with obtaining quantitative data
on facies zones. Spatial position, width and continuity of facies, serration of facies
transitions, in combination with rules on super- and juxtaposition of facies types,
as a function of platform architecture and change in accommodation space, remain
very sparsely documented.
3.4 Discussion and outlook
The modeling of outcrops, where a high degree of a priori data is available, can pro-
vide important lessons for modeling subsurface systems that have sparse data. As
outcrop models are accepted as accurate representations of the depositional system,
the parameters used to build these models can be applied as a basis for modeling
subsurface analog systems. Currently, the primary limitation of statistical modeling
methods remains the fact that processes responsible for the resulting facies architec-
ture are not included explicitly in the modeling algorithm. Quantitative rules and
concepts for the prediction of the anatomy and spatial distribution of sedimentary
and diagenetic products in carbonate sedimentary environments are far less mature
than for products generated by siliciclastic processes. Carbonate sedimentary sys-
tems are more heterogeneous in stratal anatomy, geometry of sedimentary bodies
and rock textures than siliciclastic systems due to the fact that carbonate sediment
accumulation is a function of the local production system rather than physical corro-
sion due to transport only. Furthermore, because carbonate minerals are metastable,
carbonate rocks are prone to diagenetic alteration that overprints the primary phys-
ical properties. Due to this intrinsic complexity it has proven to be more difficult
to extract quantified rules and concepts from outcrops of carbonate systems than
siliciclastics.
Registering conventional outcrop observations digitally in space removes one of
the uncertainties introduced in normal correlation and interpretation, i.e., spatial po-
sitioning. Furthermore, it allows applying a large variety of mathematical techniques
on spatial and spatio-temporal data. Complex issues, however, arise in spatial anal-
ysis, many of which are neither clearly defined nor completely resolved, but form the
basis for current research. The most fundamental of these is the problem of defin-
ing the geologic elements, or objects, spatially located in the area being studied.
The analysis of spatial outcrop data covers two approaches: Mathematical analyses
of morphology for establishing quantitative process-based rules; and, geostatistical
evaluation of empirical data sets for improving reservoir modeling. The results of
the investigations, quantitative rules and concepts, are in a quantitative format, and
allow making inferences on unexposed or remote properties.
Following the initial advancements made on the field technologies for quantifying
geologic patterns observed in outcrop, research now needs to be directed towards
spatial analysis of outcrop data and the application of geostatistics. To establish
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Figure 3.5: Diagram showing relative positions of geostatistical and stratigraphic modeling
approaches.
quantitative concepts and rules, spatial high quality data sets need to be extracted
from outcrop. The resolution and density of the data should be appropriate to
the study objectives, such that the data set is statistically stable and fine-scale
heterogeneity is resolved. Promising advances are being made with extracting rock
attributes from remote outcrop imaging (e.g. laser intensity from lidar, Adams
and Bellian 2007), or automated shape extraction (Viseur 2007). Such automated
capture enables rapid analysis. These methods, however, need careful calibration.
Furthermore, pattern recognition based on either a priori knowledge or statistical
information through neural networks might be able to recognize data yet to be
classified, or reduce multidimensional data sets to lower dimensions for analysis.
Ultimately, this will help to improve the predictability of anatomy in subsurface
environments and in building reliable earth models. This integrates the statistical
stability which is requested from the aspect of establishing the uncertainty in any
interpretation (geostatistics) with realistic stratigraphic models which are demanded
from a geological perspective (Fig. 3.5).
3.5 Summary
High-precision spatial data on stratal anatomy are now routinely acquired from out-
crop to create digital geospatial databases. These data are efficiently integrated into
digital outcrop models (DOMs) which serve as a spatial documentation environment
for field observations and interpretations. Though much focus has been placed on
digitally capturing data in the field, research concerning spatial analysis of such data
and its use in geostatistics has remained to some extent under-explored.
Spatial outcrop data can be subdivided into two scales:
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 Carbonate platform architecture (tens to hundreds of kilometers). These are
ramps or high-rising steep platforms; grand-scale morphology is generally ap-
preciated from distant views or remote images. This often forms the deter-
ministic skeleton from which the stratigraphic and structural architecture is
reconstructed.
 Carbonate sedimentary bodies (tens of meters to kilometers). These are either
discrete objects, or build-ups, such as patch reefs, or tabular to lenticular lenses
of depositional rock types arranged in facies zones.
The spatial data within the deterministic skeleton can:
 Offer better understanding of the stratigraphic development of the studied
sedimentary system,
 Be assessed statistically for predictability of spatial relationships between ge-
ological properties.
 Be interrogated analytically for representation of geometry through functions
and equations.
 Or used for geostatistical body population and sensitivity tests.
Alternate data sources for extracting spatial data, in addition to outcrop, may
be:
There is a wide spectrum of geostatistical tools available which all provide so-
lutions to constraining uncertainty in subsurface model population. The degree of
geologic reality displayed by these models, however, varies immensely as a result
of the amount of input data available, the way in the algorithm approaches the
data analysis and cell simulation, and in the way in which geologic heterogeneity is
defined.
To advance the predictability of carbonate rock properties in the subsurface spa-
tial observations on stratal anatomy have to be acquired from continuous undis-
turbed seismic-scale outcrops. In the future this may be performed by utilizing
remote outcrop imaging attributes (e.g. lidar laser intensity), or automated shape
recognition. High quality data sets enable stable statistical analysis through and
ultimately help to better understand the processes shaping carbonate sedimentary
bodies. Such process-based data can subsequently be implemented in fine-scale mod-
eling solutions to more accurately validate earth models.
Finally, it is important to recognize that spatial analysis is a tool with which we
can improve our conceptual models and quantify the observations geologists make.
In modeling, no unique solution is available in creating a predictive earth model in
the subsurface. In this, outcrops present the most valuable source for appreciating
geological heterogeneity in time and space.
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Chapter 4
Stratal patterns and lithofacies of an
intact seismic-scale Carboniferous
carbonate platform (Asturias, NW Spain):
A digital outcrop model
Abstract
Among the most challenging questions in geology are those concerning the
anatomy of sedimentary bodies and related stratal surfaces. Though significant
progress has been made on the interpretation of depositional environments,
little systematic data are available on their dimensions and geometry. With
the recent advances in computer power, software development, and accuracy
of affordable positioning equipment, it has now become possible to extract
high-resolution quantitative data on the anatomy of sedimentary bodies. In
Asturias, northern Spain, aerial photography provides continuous 2D cross-
sections of a seismic-scale, rotated to vertical, carbonate platform margin of
Pennsylvanian age. Digital elevation models, orthorectified aerial photographic
imagery, and ground verification of stratal surfaces generated the elements that
are required to reconstruct the true dimensions, angular relationships of bed-
ding planes and the spatial distribution of facies units in this platform margin.
Along with biostratigraphy this provides sufficient constraints to estimate rates
of progradation, aggradation, growth, and removal of sediments in the slope
environment. Here we present a methodology to create outcrop models and
integrate complementary types of data that provide new insights in sedimen-
tology that were previously unattainable.
This chapter is based on: Verwer, K. Kenter, J.A.M., Maathuis, B. and Della Porta, G (2004) Stratal
patterns and lithofacies of an intact seismic-scale Carboniferous carbonate platform (Asturias, NW
Spain): A virtual outcrop model In: Wood, R. and Curtis A. (Eds) Geological Prior Information:
Information Science and Engineering Geological Society Special Publication v. 239, p. 29-41.
Reprinted with permission.
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4.1 Introduction
The anatomy of bedding planes (stratal patterns) and geometry of depositional bod-
ies have been the focus of sedimentological studies since William Smith published
the first geological map in 1815. Precise and accurate anatomical information on
sedimentary bodies and their internal bedding geometries is essential for depositional
models, sequence stratigraphy, prediction from seismic reflection data, flow models
for hydrocarbon reservoirs and aquifers, remediation of contaminated aquifers, the
reconstruction of basins, and the general advancement of the field of sedimentol-
ogy, to name just a few applications (Read 1985; Vail 1987; Sarg 1988). With the
rapidly increasing demand for potable water and energy resources, the need for such
data will increase in the future. To accommodate such demand, imaging techniques
like remote sensing, reflection seismology, ground-penetrating radar, time-domain
electromagnetic surveying, have significantly improved in resolution but lack suffi-
cient ground-truthing. The reason for this disparity is that by definition ’remote’
sensing is used to acquire data on parameters that do not lend themselves readily
to field verification. Indeed, the quantitative link between geological and physical
observations is often absent. Though the need for the quantification of geometri-
cal properties of sedimentary deposits is therefore clear and widely acknowledged
(Kerans et al. 1995), little data are available in the open literature that provide
high-resolution measurements of stratal anatomy and lithofacies boundaries. Sparse
data are available on bedding properties (bed length and continuity) in ancient shal-
low water carbonates and on clastic coastal and deep water systems as much resides
in confidential industry studies. Some of the few studies that currently exist in-
clude the terminal Proterozoic Nama Group, a shallow carbonate-ramp in Namibia
(Adams et al. 2004, 2005); the Eocene Ainsa-II turbidite system (Jenette and Bellian
2003a,b; Løseth et al. 2003a,b); the Tanqua Karoo deepwater complex (Hodgetts
et al. 2003); the Carboniferous Ross Formation, County Clare, Western Ireland
(Pringle et al. 2003); the Devonian of the Canning Basin (Hasler et al. 2003), and
a rotated carbonate platform margin in northern Spain (this paper and references
cited).
One of the reasons for the apparent lack of such information has been the diffi-
culty of capturing the 2D and, where accessible, the 3D geometry of stratal surfaces
and boundaries between lithofacies units in a reliable and precise manner. Laser
surveying and differential global position systems are now refined, miniaturized, ro-
bust, and portable, and the data are readily processed and integrated with relatively
easy-to-use geographic information system (GIS) software packages. Since the costs
of these systems have decreased sufficiently to allow academic groups to afford them,
these tools can now be applied to sedimentological problems.
In Asturias, northern Spain, aerial photographs provide an excellent view over
the architecture of a seismic-scale, rotated but intact carbonate platform (Baha-
monde et al. 1997; Della Porta et al. 2004; Kenter et al. 2002). Aerial photographs
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provide insights into general lithofacies distribution and architecture of the Carboni-
ferous carbonate platform margin. A major problem in mapping geological features
from aerial photos is that the image is distorted by the camera lens properties and
relative position (flight path, height, and camera orientation) with respect to the
surface object, especially when the terrain has a highly variable relief. In addition,
finite image resolution, layovers, foreshortenings, dilatations, shadowing and false
crests contribute to the distortion of the imagery. A standard method to eliminate
distortions is orthorectification of the aerial photographs (Greeve 1997). To derive a
quantitative model of the stratal and lithofacies architecture of this steep-margined
carbonate platform, ground control-calibration measurements were made and stratal
patterns were tracked using a real-time kinematic differential Global Positioning Sys-
tem (RTK GPS).
The aim of this study is to provide a multi-layered digital geological model that in-
corporates 1) a digital elevation model (DEM) with 2.5 m resolution, 2) high-altitude,
low-resolution color (approx. 2 m) and low-altitude, high-resolution (approx. 0.5 m)
black and white orthorectified aerial photographs, 3) a lithofacies distribution map,
and 4) stratal surfaces. This model can serve as quantitative analogue for subsurface
carbonate depositional systems with similar origin and geometry known from, for
example, the Pricaspian Basin (Kenter and Harris 2002; Harris and Kenter 2003).
The digital model may allow quantitative and visual integration of all spatial and
geological data and will significantly enhance the understanding of such systems.
4.2 Geological setting
A Carboniferous-age, rotated, but intact, seismic-scale carbonate platform is ex-
posed in the Cantabrian Mountains, NW Spain. The Cantabrian Zone is one of the
six zones into which the Iberian Massif was divided according to structural style and
stratigraphy. The Cantabrian Zone is characterized by a set of imbricated thrust
sheets deformed by thin-skinned tectonism (Julivert 1971). Within the Cantabrian
Zone, five tectonostratigraphic provinces (Fig. 4.1) were distinguished and named
from the most internal to the most external as Fold and Nappe, Central Asturian
Coal Basin, Ponga Nappe, Picos de Europa, and Pisuerga-Carrio´n Provinces (Juliv-
ert 1971). The Sierra de Cuera, located in the NE sector of the Ponga Nappe
Province/Unit, was involved in thrust propagation during late Moscovian to early
Kasimovian time (Marqu´ınez 1989) and is the focus of this study.
During the Serpukhovian to Moscovian times, the Cantabrian Zone was a marine
foreland basin, where the subsiding proximal areas were occupied by thick siliciclas-
tic wedges of turbiditic and deltaic successions separated by calcareous units (e.g.
Central Asturian Coal Basin), while in the more distal and stable areas (e.g. Picos
de Europa, Ponge Nappe) extensive carbonate platforms nucleated (Colmonero et
al. 1993). These carbonate successions comprise the Bashkirian Valdeteja Forma-
tion (850 m thick), which is predominantly progradational, and the Moscovian Picos
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Figure 4.1: a) Location of the Cantabrian Mountains in the NE sector of the Hercynian
Iberian Massif; b) Schematic tectonic map of the Cantabrian Mountains area with major
tectonic units (modified after Julivert 1971) and an overview of the study area; c) with
location of Sierra de Cuera platform outcrop.
de Europa Formation (800 m thick), which is mostly aggradational. They overlie
the Serpukhovian Barcaliente Formation that consists of 350 m thick, dark, finely
laminated mudstone, which represents an extensive and stable shelf that served as
the foundation for the Upper Carboniferous platforms (Bahamonde et al. 1997).
The Upper Carboniferous (lower Bashkirian-lower Moscovian, Della Porta et
al. 2002a) Sierra de Cuera outcrop corresponds to a south-verging thrust-sheet
tilted in the early Kasimovian (Marquinez 1989). In Sierra de Cuera, no evident
separation between the Valdeteja and the Picos de Europa Formations has been
recorded (Bahamonde et al. 1997).
During the lower Bashkirian, a low-angle carbonate ramp nucleated on the Bar-
caliente Formation. Initial vertical aggradation was followed by horizontal progra-
dation. During the Bashkirian, dominant progradational, alternating with sev-
eral aggradational phases, produced steep clinoforms. At the transition between
Bashkirian and Moscovian, the flat-topped shallow-water platform (1 km thick, 10
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km wide) developed and grew by alternation of mostly aggrading and minor pro-
grading phases during the lower Moscovian (Kenter et al. 2002).
Due to the nearly vertical orientation of bedding planes after tectonic tilting
(70 to 90°), aerial photographs provide excellent images of cross-sections of the
depositional system. Structural deformation, mapped to investigate the potential
distortion on the platform architecture (Fig. 4.2), consists at present of strike-slip
fractures and faults with minor displacement (up to a few tens of metros) as con-
firmed by biostratigraphic analysis and offsets of marker beds across fault zones. The
major trends are oriented NE-SE, NW-SE, ENE-WSW and WNW-ESE. Rotation
of stratal patterns introduced by strike-slip faults can be up to 2o determined on the
basis of the aggrading inner platform strata, which are respectively horizontal and
rotated on the opposite blocks of the fault.
4.3 Lithofacies-stratal pattern zones
The following five lithofacies-stratal pattern zones were observed: inner platform,
outer platform, upper slope, lower slope, and toe-of-slope to basin. For more ex-
tensive documentation on the lithofacies the reader may refer to Bahamonde et al.
(1997); Della Porta et al. (2002a,b, 2003, 2004), and Kenter et al. (2002).
Inner platform
The inner platform deposits contain shoaling-upward cycles with a transgressive in-
terval of coated grainstones with oncoids, followed by normal marine algal-skeletal
packstone-wackestone that form massive banks, and bioclastic grainstone to pack-
stone, and, near the top, restricted lagoonal peloidal packstone to grainstone with
calcispheres. These cycles have a thickness between 2.5-25 m and can be traced from
the platform break into the platform interior for a distance of at least 6 km.
Outer platform
From the platform interior towards the platform break there is a one-kilometer-wide
zone that represents a lateral facies change from inner - to outer platform. The
mud-rich banks of the inner platform grade laterally into massive units of bound-
stone facies that alternate with thick crinoid packstone intervals and thin beds of
ooid-coated skeletal grainstones. Generally, in the progradational setting, ooid grain-
stone shoals dominate, whereas during aggradation, boundstone prevails in the outer
platform.
Upper slope
Two distinctly different microbial boundstone margins are recognized in the field: (1)
low-angle slopes and ramps, deposited during the nucleation phase of the platform,
61
Chapter 4
200 m 1000 m
N
200 m 1000 m
Lower Moscovian dominantly aggrading outer platform: Massive algal (Donezella and phylloid 
algae) and skeletal (bryozoans, ostracodes, echinoderms, foraminifers) wackestone with homo-
geneous and peloidal carbonate mud representing carbonate mud-rich algal banks developed 
in low energy settings. In the platform interior the massive units are composite structure (1-15 
m thick) of mud-rich banks and adjacent open marine diverse biota skeletal packstone
Upper Bashkirian dominantly prograding platform: Skeletal-algal-rich packstone with common 
Beresella, Donezella, foraminifers, echinoderms, calcispheres and ostracodes. Locally 
bioturbated. Massive units representing beresellid-Donezella bafflestone developed in 
moderate/low-energy environment.
Boundstone dominated by carbonate mud with peloidal fabric, fenestellid bryozoans, sponges, 
locally Renalcis, and radiaxial fibrous cement filling primary cavities or characterized by accre-
tionary micrite structures with primary cavities filled by botryoidal cement.
Clast-supported breccia with mostly upper slope boundstone-derived clasts bound commonly 
by radiaxial fibrous cement, with locally  internal sediment as geopetal filling consisting of 
wackestone with sponge spicules and ostracodes. In the lower part of the slope, locally mud-
supported breccias and toward the toe of slope clast-supported breccia with red micrite matrix 
(red intervals).
Toe-of-slope and basinal spiculitic argillaceous lime wackestone to packstone an d siltstone.
Bedded intervals with red-stained micrite containing dm-scale alternation of: crinoid packstone; 
skeletal wackestone to packstone with ostracodes, sponge spicules, ammonoids, trilobites, 
bryozoan fragments; biocementstone with in situ fenestellid and fistuliporid bryozoans and bra-
chiopods with radiaxial fibrous cement and red-stained skeletal wackestone. 
Basinal dark laminated mudstone containing layers of platform-derived reworked deposits.
A
B
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of nearly pure micritic limestone, and (2) steep (25 to 45°) slopes where microbial
boundstone dominates the uppermost 300 m. The boundstones alternate thin bed-
ded crinoid-bryozoan grainstone and skeletal wackestone with red-stained micritic
matrix. The boundstone facies appears to form massive, several-meter-thick units
that do not exhibit a mound-shape or depositional relief on the sea floor. This ge-
ometry might be the result of boundstone nucleation and growth on an inclined sea
floor dipping at least 30 degrees.
Lower slope
Below 300 m palaeo-water depth, clast-supported breccia dominates the slope. Clasts
are mostly derived from the upper-slope microbial boundstone zone.
Toe-of-slope to basin
Finally, below 600-700 m, argillaceous lime mudstone beds interfinger with grain-
stone to wackestone intervals of mostly platform top derived skeletal and peloidal
grains and thick intervals of upper-slope-derived breccia.
4.4 Methodology
4.4.1 Field procedures
Since the U.S. government has relaxed the constraints on high-resolution Global Po-
sitioning System (so-called ”selective availability”), this system has become available
for the public domain to navigate with accuracy up to 10 m with normal hand-held
consumer GPS units. Even before this, the techniques to improve this resolution to
mm- to cm-scale existed in academia and industry. This technique is called differen-
tial GPS (Leica Geosystems 1999). One differential GPS technique uses correction
data from a second satellite system (e.g. Omnistar) or a local radio base station to
achieve a resolution up to centimeters. A reference receiver is always positioned at a
point with fixed or known coordinates. The other receivers are free to roam around
and are known as rover receivers. The baseline(s) (i.e., the length of the three-
dimensional vector between a pair of stations for which simultaneous GPS data
has been collected and processed with differential techniques) between the reference
and rover receiver(s) are calculated. For high-precision positioning, it is possible to
Figure 4.2 (facing page): ⇐= a) Drape image looking eastwards across the Sierra de Cuera
digital outcrop model with traced stratal patterns (red crosses). Horizontal resolution of the
image is approximately 2 m; b) Orthorectified B/W aerial photograph showing lithofacies
map, horizontal resolution of the image is 0.5 m.
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achieve centimeter resolution using real-time kinematic differential Global Position-
ing System (RTK GPS). In RTK GPS, a reference station of known, fixed position
uses a radio link to broadcast GPS correction data to the associated rover units.
The corrections allow for rover units to obtain a mm- to cm-scale position accuracy
relative to the reference receiver.
In this study the following systems were used: 1) In the summer 2001 a GPS
system Trimble from Geometius Surveying and GIS Solutions. The Trimble GPS
used reference data from a French base station and achieved a horizontal resolution
of ca. 30 cm after post-processing. 2) In the summer and fall of 2002 a SR530
GPS system from Leica Geosystems was used. Real Time Kinematic reference data
was used from an own setup base station connected with the rovers via a radio
modem. This resulted in centimeter precision. In case of loss of radio link between
the reference and rover units, the receiver switched to Omnistar reference data to
maintain decimeter-scale positional accuracy. Raw reference and rover data were
post-processed by Geometius/Trimble in 2001, using Pathfinder software and by the
Vrije Universiteit in 2002, using Leica Ski Pro.
Stratal patterns corresponding to lithofacies boundaries are expressed in the field
through the weathering profile of alternations of prominent ridges and recessive
intervals, and as such were clearly visible on aerial photographs. These stratal
patterns were identified in the field and walked out with the GPS. Both GPS systems
allow one to code points and lines in the field according to geologic attributes, such
as lithofacies, along with their spatial position. Comments and codes were stored in
the system and marked on aerial photographs.
4.4.2 Digital elevation model
With the increase in availability and advance of computer manipulation of digital
terrain data, or digital elevation models in the late 20th century, it has become possi-
ble to quantify and portray land surfaces over large areas (Maune 2001). DEM data
are being used widely to model geodynamic and surface processes, rates and physio-
graphic effects, mainly in hydrogeology and geomorphology (Rice-Snow and Russell
1999; Whipple and Tucker 1999; Montgomery et al. 2001; Azor et al. 2002; Mont-
gomery and Brandon 2002). In this study, a DEM and associated aerial imagery is
used in concert with GPS data, to quantify the geometry of a rotated Carboniferous
carbonate platform and obtain accurate measurements of the angular relationship
among stratal surfaces, and between these and the spatial distribution of lithofacies
in a dip section; information that cannot be derived from uncorrected imagery or in
the field.
Successful methods of obtaining and applying topographic data to geological
problems have included laser-total station surveys (Bracco Gartner and Schlager
1997; Heimsath et al. 1997; McCormick et al. 2000; McCormick and Kaufman 2001;
Jenette and Bellian 2003a,b; Kerans et al. 2003a,b), GPS-total station surveys
(Santos et al. 2000), air-photo digitization (Dietrich et al. 1995), airborne laser
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altimetry surveys (Roering et al. 1999), and satellite imagery (Duncan et al. 1998).
With the advances in software development in last couple of years it has become
possible to create DEMs with a relatively inexpensive and user-friendly approach
using satellite and aerial photo imagery.
A DEM is created by comparing two images and identifying ground points that
appear in both images. A set of ground control points (GCPs) are identifiable
features on the images whose absolute 3D ground coordinates have been measured.
GCPs are essential for creating a DEM. Stereoscopic digital aerial photograph images
combined with RTK GPS data generated a DEM of the Sierra de Cuera by using
Erdas Imagine Orthobase Pro and ArcGIS software. The horizontal resolution of
the created DEM is 2.5 m.
4.4.3 Aerial photograph orthorectification
An orthophoto is an aerial photograph that has the geometric properties of a map.
Thus, orthophotographs can be used as maps to make measurements and estab-
lish accurate geographic locations of features. The unprocessed aerial images dis-
play strong distortions (e.g. layovers, foreshortenings, dilatations, shadowing, false
crests). A normal (i.e., unrectified) aerial photograph does not show features in
their correct locations due to displacements caused by the tilt of the camera, terrain
relief, sensor attitude/orientation errors and internal sensor errors. In contrast, an
orthophoto, is both directionally and geometrically correct. The images do not dis-
play relief displacement and thus the measurements obtained from it are accurate.
Aerial photographs were scanned using a photogrammetric scanner at a resolution of
25 micron. The corresponding image resolution is approximately 1.5 m for the color
aerial photographs and 0.5 m for the black-and-white photos. Orthorectification was
performed in Erdas Imagine Orthobase Pro (Erdas Inc. 2001).
4.4.4 Lithofacies mapping
Mapping of the lithofacies distribution within the five key zones used digitized or-
thorectified aerial photography in combination with field sections, in GIS software.
This resulting map was georeferenced (i.e., correct location information is attributed
to the digital map, International Ellipsoid 1950 UTM Zone 30 North,) and placed
over black-and-white orthorectified aerial photographs (Fig. 4.2b).
4.5 Digital outcrop model
The digital geological model consists of superposing the different data sets outlined
above into ”layers”. The base layer in this model is the DEM. The second layer is
an orthorectified high-altitude color aerial photograph. This 14.5 x 12.5 km area
provides an overview of the Sierra de Cuera area. The third layer is composed of
a mosaic of orthorectified low-altitude black-and-white aerial photographs. This
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mosaic covers ca. 6 x 6.5 km. With an image resolution of 0.5 m, it is possible
to resolve geological features. The fourth layer contains the lithofacies map with
stratal surfaces and overlays the previous layers. Digitizing the different lithofacies
in GIS software provides true three-dimensional coordinates of different elements of
the platform, and provides direct spatial information. Layers 2-4 are draped onto the
basal DEM and can be viewed in pseudo 3D in GIS software (e.g. ESRI ArcScene or
Erdas Imagine Virtual GIS). Finally, the GPS-mapped stratal pattern data is added
to the model (Fig. 4.2a).
By integrating all the layers, it is possible to quantitatively analyze different lay-
ers and thus different types of data at the same time. For instance, it is possible to
calculate morphology vs. lithofacies, analyze angles of deposition of the sediment,
analyze the rotation due to thrusting, to determine length, frequency and distribu-
tion of stratal patterns, faults and facies, to ”map” estimated rates of production
of boundstone, to generate measurements of palaeo-water depth, lateral prograda-
tion, vertical aggradation and downward shifts of the platform break due to sea-level
changes, and other spatial statistics.
Figure 4.3 displays a tentative reconstruction of the original prograding platform
strata, corrected for the fault displacement. During the dominantly prograding phase
II (upper Bashkirian), the platform stratal pattern is horizontal-parallel 0.5-1.8 km
landward of the platform break. These strata are also nearly parallel to the Mosco-
vian (phases III and IV) platform interior. Outer-platform stratal surfaces exhibit a
rollover, i.e. from horizontal they gradually increase in basinward inclination toward
the platform break with dips of 9-12° to 2-6°. After each prograding increment,
the initial dip of the outermost-platform strata is 9-12°, it decreases to 4-6° during
the following 50-100 m of vertical aggradation, and tends towards horizontal within
100-300 m upsection. Figure 4.3 shows the divergence of the outermost portion of
the stratal surfaces and their thinning landward. Stratal surfaces either terminate
in onlap or thin and flatten to horizontal parallel surfaces.
In the prograding slope (phase II), the upper 100-200 m lack stratal surfaces be-
cause they consist of massive boundstone. In the intermediate portion the clinoforms
have inclinations between 20-28° and a topographic relief of 650-750 m. The shape
of this clinoforms is slightly sigmoidal. At the toe of slope, stratal surfaces gradually
flatten to horizontal. Interfingering occurs at very low angles, separating breccia
beds and muddy spiculitic basinal facies. In phase III, the platform is horizontally
bedded with continuous surfaces in the inner and outer platform settings. The plat-
form break is a sharp transition from horizontal platform strata into steep clinoforms
of upper slope strata. Clinoforms have an average depositional relief of 850 m and
declivities up to 45°. Strata are nearly planar for the uppermost 250-300 m, con-
cave for the remainder of the slope and flatten to horizontal in the toe-of-slope to
basin. The declivities and shape of Sierra de Cuera clinoforms are controlled by the
characteristics of the composing lithofacies as demonstrated for ancient and modern
carbonate slopes (Kenter 1990).
The relative percentages per area of slope lithofacies during the late Bashkirian
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Figure 4.3: Model of platform architecture and stratal geometries, tentatively corrected
from the fault displacements, during prograding phase II, aggrading phase III and aggrading
to slightly prograding phase IV. Measurements of lateral progradation, vertical aggradation
and downward shift of platform break are reported in meters with the arrow pointing to the
growth direction. The traced clinoforms correspond to the red-stained intervals as tracked
with RTK GPS on the outcrop (modified after Della Porta et al. 2004).
and the latest Bashkirian-Vereian time intervals have been calculated using the GIS-
based lithofacies map (Table 4.1). Boundstones dominate the uppermost slope be-
tween depths of 0-150 m, in particular in the Upper Bashkirian, with 40 and 33%
respectively. While the portion of redeposited layers increases from 0.1% in phase II
to 12% in phase III. The lower part of the upper slope (150-300 m) is boundstone-
dominated during late Bashkirian (83% boundstone). Red-stained layers and re-
deposited lithofacies become dominant in this portion of the slope (16% and 50%
respectively vs. 34% of boundstone) at the Bashkirian-Moscovian boundary. The
upper part of the lower slope (300-500 m) is breccia-dominated (80-92%). Layers
of platform- and slope- derived material increase in the lowermost part of the slope
(500 m to 700-850 m).
Next, it is possible to calculate progradation/aggradation ratios (Table 4.2),
which are useful descriptors of platform evolution when used in the context of
other key parameters, such as carbonate factory size, production rates, shelf-to-basin
bathymetry, and antecedent topography (Kerans and Tinker 1999).
Platform architecture evolution consisted of westward progradation for more than
10 km with development of the steep clinoforms in the lower Bashkirian (phase
I). During the upper Bashkirian (phase II), progradation alternated with several
minor aggradational phases. During phase II, the platform prograded basinward
for a total of 2910 m and aggraded in the inner part by 165 m (uncorrected for
compaction or missing rocks). Using the duration of 7 My for the late Bashkirian
time interval (Harland et al. 1990) estimates of rates of lateral progradation are
415 m/My (equivalent to µm/yr). Menning et al. (2000) state a duration for the
Westphalian A/Langsettian of 3 My, which is correlated with the Upper Bashkirian
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Table 4.1: Relative percentages of slope lithofacies area.
Relative percentage of lithofacies area Late Bashkirian Latest Bashkirian to
progradation Vereian aggradation
Whole slope
Boundstone 40% 33%
Breccia 50% 52%
Redeposited and ’red-stained’ layers 10% 15%
Uppermost slope (0-150 m)
Boundstone 99.5% 87%
Breccia 0.4% 1%
Redeposited and ’red-stained’ layers 0.1% 12%
Lower part upper slope (150-300 m)
Boundstone 83% 34%
Breccia 13% 50%
Redeposited and ’red-stained’ layers 4% 16%
Lower slope (300-500 m)
Boundstone 10% -
Breccia 80% 92%
Redeposited and ’red-stained’ layers 10% 8%
Lower slope to toe-of-slope
(500 to 700-850 m)
Boundstone - -
Breccia 79% 72%
Redeposited and ’red-stained’ layers 21% 28%
in Harland et al. (1990). The progradation rate obtained with a time duration of 3
My is 970 m/My. This range of 415-970 m/My comprises all possible variation and
errors introduced by the uncertainty in time of the Upper Bashkirian, by errors in
the location of the chronostratigraphic boundaries based on biostratigraphy and by
the location of the lower limit of the prograding phase II already within the Upper
Bashkirian. The shift to dominant aggradation (Vereian; phase III) occurred nearly
at the transition Bashkirian to Moscovian. Resulting aggradation rates are 288 m
versus 160 m of lateral progradation. The aggradation rate was approximately 108-
114 m/My versus a progradation rate of 76-80 m/My (Vereian time duration of 2.1
My according to Harland et al. 1990 and of 2 My according to Menning et al. 2001)
(Della Porta et al. 2004).
Accumulation rates calculated on mapped cross-sections measuring the number
of pixels of each area expressed inm2/My (Table 4.2) yield values of 838.182m2/My
(using 3.0 My for the Upper Bashkirian according to Menning et al.2001) to 359.221
m2/My (using 7.0 My for the Upper Bashkirian according to Harland et al. 1990)
for Upper Bashkirian, and 637.011m2/My for the Vereian for the whole depositional
system. It emerges that during progradation the greatest contribution of sediment
supply is produced by the slope boundstone. During aggradation, the flat-topped
platform was responsible for the main sediment supply to the slope. The slope, and
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Table 4.2: Accumulation rates of slope lithofacies area.
Upper Bashkirian Vereian
3 My time 7 My time 2.1 My time
interval interval interval
Progradation rates 970 m/My 415 m/My 76-80 m/My
Aggradation rates 55 m/My 23 m/My 108-114 m/My
(interior) (interior)
140 m/My 60 m/My
(break) (break)
Accumulation rates in
cross section
Whole depositional system 838182 m2/My 359221 m2/My 637011 m2/My
Platform 152156 m2/My 65210 m2/My 431354 m2/My
Slope 699010 m2/My 299575 m2/My 214060 m2/My
Boundstone (in situ) 386533 m2/My 165657 m2/My 699944 m2/My
Boundstone + breccias 682790 m2/My 295624 m2/My 194165 m2/My
Redeposited pack-grainstone 12484 m2/My 5350 m2/My 12051 m2/My
in particular the boundstone, had higher production rates (at least two to five times
greater) during progradation than aggradation. One reason for this is the increased
tectonic subsidence, which created greater accommodation space and relative sea
level rises with greater amplitude (Della Porta et al. 2003). The presented estimates
are conservative because sedimentation rates decrease with increasing time of ob-
servation, i.e., sedimentation rate is inversely proportional to the square root of the
change in time (Schlager 1999). Therefore, accumulation rates evaluated for 1-10
My time range would increase by a factor of 1000-3000 when scaled to a year basis,
and by a factor of 30-1000 when scaled to 1000 years.
In general, progradational styles building out for several km’s are mostly recorded
for low-angle carbonate platform slope systems with a dominant bank top sediment
source (Schlager 1981; McNeill et al. 2001). The Sierra de Cuera platform, but for
instance also the Tengiz platform (Pricaspian Basin, Kazakhstan) both have a highly
productive microbial cement boundstone factory extending from the platform break
to nearly 300 m depth and a lower slope dominated by (mega)breccias and grain
flow deposits derived from the margin and slope itself (Harris and Kenter 2003).
The broad depth range of microbial cement boundstone increases the potential for
production during both lowstands and highstands of sea level and thereby facilitates
progradation. Rapid in situ lithification of the boundstone provides stability to the
steep slopes, but also leads to readjustment through shearing and avalanching. What
controls the microbial cement boundstone formation remains a debate (Kenter and
Harris 2002), but its presence is a key factor in the progradational geometry of these
margins.
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4.6 Application to reservoir analogues
Age equivalent and facies-similar slope deposits are observed in the subsurface of the
Pricaspian Basin in Kazakhstan (Tengiz, Korolev, Kashagan) (Kenter and Harris
2002). The geometries of the different sedimentary bodies determine the mechanical
and petrophysical properties and influence flow characteristics, reservoir properties
and eventually development and production strategies of several giant carbonate
reservoirs. Since the reservoir zone is difficult to image due to a thick salt cap and
cores provide only one-dimensional information, the adoption of the Asturias quanti-
tative outcrop model of lithofacies distribution and stratal anatomy provided crucial
input to constrain similar zones in the subsurface. Figure 4.4 shows a schematic
cross section through Tengiz showing the major depositional sequences and lithofa-
cies types (modified after Weber et al. 2003). Although vertically exaggerated in
scale, the key Late Visean to Serpukhovian lithofacies zones in the eastern flank show,
from shallow to deep (or margin to basin), in situ microbial boundstone, boundstone
breccia and lower- to toe-of-slope alternating carbonate sand, breccia tongues and
basinal spiculitic lime mudstone. Initially, core observations were sparse, scattered
and a hypothetical model was built on information from Asturias, where spatial in-
formation on slope lithofacies type and distribution from Asturias (this paper and
references cited) was transposed to the Tengiz cross section. The resulting facies
map was compared and contrasted with the seismic data and used for mapping
seismic facies as well as to determine the position of the boundary between slope
and platform. This provided information for the reservoir model since the microbial
boundstone forms a zone with low matrix permeability but high fracture flow. Spa-
tial modeling demonstrated that upper slope boundstone makes up approximately
25% of the platform volume in the Late Visean to Bashkirian reservoir unit (Weber
et al. 2003). Recent wells and continuous core penetrations like T-5056, T-463 and
others, validated the predictive value of the initial model based on Asturias.
Studies of analogs are valuable because they constrain interpretations and lend
predictability to unraveling facies patterns in reservoirs. These patterns help to
understand the lateral continuity of stratification, variation within layers, hetero-
geneity, and performance of reservoir examples. Though the results are not fully
representative for the subsurface, given the depositional and diagenetic diversity en-
countered in carbonate environments, and thus it is not possible to exactly mirror
the two platforms quantitatively, the model does help to understand the lithofacies
character at the platform margin and of the platform interior sediments. In this,
outcrop studies provide the only data on the possible distribution of reservoir facies
and the specific spatial distribution of the different platform elements in more than
one dimension.
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Figure 4.4: Schematic cross section through Tengiz showing the major depositional se-
quences, lithofacies types, and approximate positions of some key wells. Super-sequence
boundaries are indicated by thin black lines; flooding surfaces are depicted by thick dashed
lines. Thin dashed correspond to higher order (smaller-scale) sequence boundaries (modi-
fied after Weber et al. 2003).
4.7 Conclusions
The mapping (tracking) of key stratal surfaces and facies boundaries with differ-
ential Global Positioning System allows the quantitative measurement of platform
geometry and facies architecture. This particular outcrop study not only contributes
to the understanding of reservoir geometry in the subsurface of the Pricaspian Basin
by providing a realistic image of the stratigraphic architecture, it also provided the
required geometrical framework to calculate accretion and net production of deep
water microbial boundstone controlling the platform style. To date, construction of
3D models from outcrops has been limited by outcrop character and the ability to
capture scaled images of the outcrop that can be interpreted in 3D in a manner sim-
ilar to 2D or 3D seismic data. Recent advances made in differential GPS equipment
and in the development of GIS and remote sensing software create the opportunity for
the construction of high-resolution 3D models with a high degree of spatial integrity.
The resulting seismic-scale model combines the high-resolution of the orthorectified
aerial photographs with a sub-decimeter accuracy of mapped stratal patterns. The
ability to make direct comparisons of reservoirs and analogue data within this type
of carbonate system greatly improves the value of outcrop information. It not only
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provides the information to reliably estimate the spatial distribution of reservoir
properties in equivalent geologic settings, it also advances more academic research
themes like the production models of boundstone deposits, ranges and modes of
platform elements, measurements of lateral progradation, vertical aggradation, and
downward shifts of the platform break in this type of margin. This will enhance the
understanding of carbonate production through geological time and allow for a more
precise comparison between platforms dominated by in situ microbial boundstone
development and platforms characterized by sediment shedding from the platform
top with a coralalgal ecology. In addition, forward modeling of depositional systems
may finally be provided with long needed quantitative information on anatomy and
rates.
4.8 Acknowledgements
Tengizchevroil (Atyrau, Kazakhstan) and TotalFinaElf are acknowledged for finan-
cial support. In particular, Dennis Fischer (Tengizchevroil) is thanked for stimulat-
ing discussions on the applicability of the Asturias slope model as an analog for the
slope environment in fields in the Pricaspian Basin. We thank D. McCormick and
V.P. Wright for valuable reviews of the manuscript. We thank editor Rachel Wood
for her helpful comments. Juan Bahamonde is acknowledged for field assistance.
72
Chapter 5
Evolution of a high-relief carbonate
platform slope using 3D digital outcrop
models: Lower Jurassic Djebel Bou Dahar,
High Atlas, Morocco
Abstract
Accurate three-dimensional reconstructions of large-scale stratal anatomy
of carbonate platform slopes are essential for developing depositional mod-
els, studying sedimentary processes as well as the prediction of rock texture
or lithofacies from seismic reflection data. Seismic-scale continuous exposures
of a lower Jurassic carbonate platform located in the southern High Atlas
of Morocco provided detailed quantitative information about the lithofacies
and stratal geometries of a retrograding and prograding steeply-inclined slope
system affected by synsedimentary tectonic activity. Aggradational, backstep-
ping and progradational outer-platform to slope units are each characterized
by distinct lithological features and stratal patterns. A digital outcrop model,
established with digital field technologies (real-time kinematic global position-
ing system and lidar) was constructed storing information on recorded stratal
surfaces including lithofacies information. From this data 3D models of the
slope system could be build.
In the study area four stages of slope development are recognized. Stage
one corresponds to a low-relief carbonate platform characterized by widespread
sub-wave base depositional conditions. Stage two developed as an aggrading to
retrograding platform, during which the platform built considerable relief. In
addition, a massive organically-bound proximal slope fringe formed, dominated
by coral-sponge-microbial boundstone. The in situ accumulated boundstone
consists of irregular wedges that accreted on the proximal slope down to ∼140
m below the platform break. After a period of sediment starvation Stage three
involved a major backstepping of sediment deposition. Seventy-meter-high cli-
noforms prograded from the center of the platform across the platform top
until reaching the relict platform break (of Stage 2). Subsequently, progration
occurred basinward, as indicated by the spilling of lobes on the preceding slope
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deposits of Stage 2. Limited progradation, along with the reestablishment of
the in situ accumulated coral-sponge-microbial boundstone accreting on the
proximal slope, led to the progressive steepening of the slope profile to dips
of 23°. Clinoforms are straight and planar in the upper part of the slope, and
concave upwards in the lower part; with a total relief of over 460 m. Stage
four is only observed in the distal slope and adjacent basinal realms. Coarse
detrital deposits form lens-shaped aprons that basinward grade into kilometer-
scale lobes that alternate with thick wedges of basinal autochthonous sedi-
ments. Syndepositional extensional faults operating in the subsurface affected
sedimentation along the distal slope profile and are expressed in the stratal
patterns through growth strata in monoclinal folds.
Three-dimensional models reconstructing the stratal evolution of the slope
system allowed quantification of slope geometries and stratal relationships. The
digital approach allowed for quantification of the spatial distribution of sedi-
mentary bodies, and enhanced the understanding of the depositional changes
during slope evolution. The evolution from aggrading to retrograding and pro-
grading is strongly influenced by synsedimentary extensional tectonics within
an intracratonic rift basin, generating differential accommodation space. This
in combination with the character of lithofacies types and style of sedimentary
processes along the slope directly controlled carbonate slope architecture and
stratigraphy of the Djebel Bou Dahar, and influenced stratal anatomy and
lithofacies distribution.
This chapter is based on: Verwer, K., Merino-Tome´, O., Kenter, J.A.M. and Della Porta, G.
(submitted) Evolution of a high-relief carbonate platform slope using 3D digital outcrop models:
Lower Jurassic Djebel Bou Dahar, High Atlas, Morocco. Journal of Sedimentary Research.
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5.1 Introduction
The anatomy of carbonate slope systems, expressed in outcrop through the intersec-
tion of stratal patterns with the morphology, contains essential information on the
depositional evolution and internal structure of carbonate platforms. Most outcrop
studies on carbonate slope anatomy present conceptual models of the depositional
architecture and the spatial distribution of sedimentary bodies, but often lack quanti-
tative constraints. This is in contrast with the subsurface where significant advances
have been made in our understanding of stratal anatomy through the interpreta-
tion of three-dimensional seismic volumes and well logs (e.g. Eberli et al. 2004).
One of the reasons for the lack of quantitative outcrop studies is the scarcity of 3D
continuous outcrops (Tinker 1998). A second factor is the difficulty of capturing
the 2D, and where accessible the 3D geometry in a reliable and accurate manner.
With respect to the last, digital field technologies such as real-time kinematic global
positioning systems (RTK GPS) and terrestrial scanning lidar may provide an im-
portant aid. These digital tools are quickly becoming standard in outcrop-based
geologic studies (see Adams et al. 2004; Jones et al. 2004; Verwer et al. 2004;
Bellian et al. 2005; McCaffrey et al. 2005 and references therein). Digital tools
allow the quantification of geologic outcrop features by spatial positioning, i.e., one
connects a variety of geologic measurements and interpretations to the correct ge-
ographic spatial position. With the original framework preserved, interrogation of
the field data is simply performed, and quantitative derivatives of the data set are
easily obtained (Adams et al. 2005; Verwer et al. 2007).
Slopes of carbonate platforms with high-relief (several hundreds of meters) are
of particular interest because they are a primary locus for storage of material and
form the link between shallow-water platform carbonates and adjacent deeper-water
carbonate or siliciclastic deposits (Everts and Reijmer 1995). The deposits accumu-
lated along these environments and the adjacent basinal realms offer key information
about the carbonate factories and factors affecting carbonate platform growth and
evolution (e.g. Reijmer et al. 1991, Schlager 1992; Della Porta et al. 2004). For
example, carbonate slopes are recognized as excellent recorders of sea-level fluctu-
ations caused by changes in eustatic sea level and tectonic subsidence (Sarg 1988;
Eberli 2000; Bosence 2005). Also, they can form significant hydrocarbon reservoirs
(e.g. Enos 1985).
Many carbonate slopes evolve over time from low-relief platform to steep-flanked
platform (Read 1985; Schlager 2005). Such changes are thought to be due to changes
in climate and oceanographic factors that change the nature of the shallow-water car-
bonate factory from bioclastic, skeletal production to a shallow-water, frame build-
ing photozoan reef community (Pomar 2001). Concurrently with the change in the
character of the carbonate factory and the inclination of the slope, the depositional
regimes and sedimentary processes change (Drzewiecki and Simo 2002). This results
in a heterogeneous distribution through time of sedimentary bodies on carbonate
slopes. For reservoirs in slope settings it determines the variability of reservoir
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properties in the subsurface. Therefore, extraction of continuous stratal information
linked with lithofacies characterization is of paramount importance to understand the
processes that control the overall geometry and internal stratal anatomy of carbon-
ate platform slopes, and, in turn, for sequence stratigraphy, seismic interpretation,
hydrocarbon exploration, and reservoir characterization (Kenter et al. 2005).
The Jurassic Djebel Bou Dahar (DBD) in the High Atlas of eastern Morocco
presents exceptionally well-exposed outcrops of high-relief steeply-inclined carbon-
ate platform slopes. The outcrop topography of this platform approaches the pri-
mary Jurassic depositional bathymetry, and the lateral exposures permit three-
dimensional views of depositional packages. The aim of this study is to quanti-
tatively characterize, in 3D, the stratal anatomy and lithofacies distribution of a
lower Jurassic carbonate platform slope, using a combination of conventional field
analyses and digital field geology. The understanding of the 3D anatomy of the DBD
slope can help to develop a quantitative depositional model for a Mesozoic case study
of an outer-platform and slope, for which the evolution was dominantly controlled
by active synsedimentary tectonics within an intracratonic rift basin. The results
could be analogous to similar settings in which carbonate platform slope growth
was greatly influenced by syn-sedimenatary tectonics within extensional basins (e.g.
lower Jurassic of Nova Scotia and northern Black Sea, Miocene of Southeast Asia;
Weissenberger et al. 2006, Neuhaus et al. 2004); or to other high-relief carbonate
slope systems in which similar mechanism of slope sedimentation might operate (e.g.
Devonian-Carboniferous of the Pricaspian basin; Collins et al. 2006).
5.2 Geologic setting
Along the southern margin of the High Atlas Mountains in Morocco, carbonate plat-
forms of early Jurassic age developed in an extensional basin, the so-called South
Atlas Trough (Warme 1988; Crevello 1991) (Fig. 5.1a). The onset of extensional tec-
tonics took place at Triassic times (Ellouz et al. 2003) and lead to the development
of narrow and elongated continental rift basins with deposition of red-beds, evapor-
ites, and basaltic intrusions (Agard and du Dresnay 1965; Letsch 1985; Brede 1987;
Beauchamp 1988; Laville 1988; Warme 1988). During the early Jurassic (possibly as
early as the Hettangian to early Sinemurian) an abrupt marine transgression marked
the formation of extensive shallow-water carbonate ramps. During a phase of re-
newed rifting activity (early - late Sinemurian) these ramp systems were fragmented
(Wilmsen and Neuweiler 2007). Throughout the Pliensbachian the fragments devel-
oped into a variety of carbonate platforms, some attached to landmasses and others
isolated. The Djebel Bou Dahar is one example of such an isolated carbonate plat-
form that evolved from a ramp into a flat-topped, high-relief platform. The DBD is
approximately 35 to 40 km long and 10 to 15 km wide (Crevello 1991) (Fig. 5.1).
In the earliest Toarcian most platforms were drowned (Agard and du Dresnay 1965;
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Figure 5.1: a) Structural map showing major geologic provinces of Morocco (modified after
Warme 1988). The location of the Djebel Bou Dahar (DBD) is indicated by the box in
the NE portion of the High Atlas. b) Aster satellite image draped over a digital elevation
model (DEM, horizontal resolution 15x15 m), showing the exhumed DBD isolated platform
geometry. Slope study area is indicated.
Elmi et al. 1999). During this period, a condensed section containing a character-
istic drowning sequence was deposited on the platform top and slope of the DBD
carbonate platform (Campbell 1992; Blomeier and Reijmer 1999). This in turn was
overlain by a thick rhythmic basinal succession of limestone-marl alternations of
Toarcian to Bajocian age (Elmi et al. 1999).
A detailed study area was selected in the southeastern part of the platform on the
basis of lateral continuity and exposure of the outcrop (Figs. 5.1b, 5.2a). Within the
slope study area (c. 3 km2), three parallel, present-day gullies incise into the flank of
the mountain, offering c. 60-80 m of vertical penetration into the stratigraphy (Figs.
5.2a,b). The outcrop morphology, in combination with the gully systems, offers
exceptional exposure, approaching 3D outcrop conditions. Towards the platform
break gullies incise not as deep (∼15 m) and therefore do not provide 3D exposures.
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5.3 Previous work at Djebel Bou Dahar
Agard and du Dresnay (1965) and Du Dresnay (1979) first referred to the presence of
a high-relief steeply-inclined carbonate platform slope in DBD. Crevello (1991) stud-
ied the lower Jurassic platforms of the Central and Eastern High Atlas of Morocco
(including DBD), and investigated third- and fourth-order depositional sequences re-
flecting sea-level fluctuations during a gradual sea-level rise. Kenter and Campbell
(1991) accurately documented the DBD slope profile with photo panels, focusing
on the relationship between depositional angle and sediment fabric. Campbell and
Stafleu (1992), subsequently, were the first to study the drowning succession in more
detail and generated synthetic seismic profiles of the platform to basin transect.
Blomeier and Reijmer revisited the drowning succession (1999) and investigated the
distal slope profile of DBD (2002), inferring that coarse rudstone bodies were de-
posited during periods of sea-level lowstand, whereas during periods of sea-level
highstand platform-top derived grains dominantly were shed to the basin. Most
studies, however, failed to stress the importance of active syndepositional tectonics
on the carbonate platform and slope evolution and, foremost, to corroborate the
lateral continuity of such depositional products.
Recently Merino-Tome´ et al. (2007) subdivided the DBD platform into six evolu-
tionary stages each characterized by a distinct geometry and lithofacies composition.
The first three stages of platform growth are characterized by the development of
wide-spread carbonate ramp systems, with varying depositional regimes. The last
three stages show the construction of a high-relief relatively flat-topped platform.
Within the slope study area the deposits accumulated during the last four stages of
platform development can be investigated, and are addressed in this report as Stage
1 to 4 (Fig. 5.2c).
In this study, emphasis is placed on the stratal anatomy, sedimentary structures
and lithofacies characteristics of the slope system in relationship to slope develop-
ment. This report is different from Kenter and Campbell (1991) and Blomeier and
Reijmer (2002) due to the fact that, next to a more detailed and modified facies
analysis, it quantitatively investigates carbonate platform slope evolution and the
spatial facies variability and builds on the, for the first time, accurate stratal and
depositional framework published by Merino-Tome´ et al. (2007).
5.4 Methods
Lithofacies were examined through more than 20 detailed measured sections and pet-
rographic and microfacies analysis of thin sections and polished slabs. In the field
digital field technologies were deployed. Digital field tools allow to correctly spatial
position geologic outcrop features, and as such one connects a variety of geologic
measurements and interpretations within its geospatial context. The methodology
that brings together modern techniques and traditional field geology has emerged
78
Three-dimensional stratal anatomy of a carbonate slope
C
Stage 1
Vertical exaggeration = 1 
Stage 1
Stage 2
Stage 2
Stage 3
Stage 4
North South
1100
1200
1300
1400
1500 m
Stage 2, Proximal slope: Amalgamated 
beds of skeletal to coated-grain 
grainstone to rudstone, minor cobble to 
boulder-sized rudstone (S3-S5)
Stage 2, Outer platform and mar-
gin: Coated grain grainstone (S10) 
and coral patch reefs (S8). Minor 
sponge-coral-microbial boundstone 
and skeletal to coated-grain 
grainstone to rudstone 
Stage 3, Outer platform-margin: Coated grain 
grainstone (S10) and coral patch reefs (S8) 
Stage 3, Proximal slope: 
Amalgamated beds of cobble to boul-
der-sized rudstone and skeletal to coat-
ed-grain grainstone to rudstone (S3-S6) 
Stage 1, Middle to outer ramp: Tabular bedded 
coated grain and skeletal grainstone to packstone 
(R1), red condensed section at the top (C1)
Stage 4, Distal slope: Basinal 
turbiditic lobes and slope aprons (S3)
Stage 3 and 4, Distal slope: 
Alternations of green marls and marly 
wackestone to packstone (S1 and S2) 
with tabular thin beds of skeletal and 
coated grain grainstone (S3)
Stage 1 and 
2: Meter-thick 
condensed 
sections (C1)
Stage 3, Proximal slope: Coral-microbial boundstone (S9) 
Stage 3, Proximal slope: Sponge boundstone (S7)
0 500 m
Stage 2, Distal slope: Tabular thin bedded marly 
wackestone to packstone with common chert nodules 
and intercalations of green marls (S1 and S2)
Stage 4, Distal slope: Slope aprons. Boulder-
sized to gravel-sized rudstone to skeletal-
coated grain grainstone (S3-S6)
Outer platform-margin Proximal slope Distal slope Basin
0 500 m
B
Margin
Slope
Basin
3.17450 m
A
Figure 5.2: a) Outcrop photo showing the lower Jurassic high-relief slope of the DBD
platform(view towards the North). b) Oblique view of Quickbird satellite image draped
over DEM, horizontal image resolution 0.7 m. Colored spheres represent physical RTK GPS
traced bedding planes, colors correspond to lithofacies attributes. c) Outcrop interpretation
illustrating lithofacies types, stage division, and traced stratal surfaces. Vertical scale is
GPS height in meters.
rapidly over the last 10 years and is called digital field geology. The process of
integrating the field observations with their spatial attributes is called digital out-
crop modeling (cf. Bellian et al. 2005; Verwer et al. 2007). The favorable outcrop
characteristics allowed lateral tracing of continuous stratal surfaces, and the quan-
tification of the depositional architecture trough measurements of bedding planes
with real-time kinematic global positioning system (RTK GPS, Leica Geosystems).
Depositional contacts of interest were mapped by physical tracing and recording
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data points every 2 m. The different geologic features being mapped are identi-
fied by assigning different values to attributes (e.g. lithofacies type, grain size, and
stratigraphic surface type) that are associated with the spatial location of each data
point. As such, spatial distribution of lithofacies is effectively quantified. Strati-
graphic sections were measured and correlated with RTK GPS, and georeferenced
to ensure correct spatial position and stratigraphic thicknesses (resolution c. 0.01
m). A digital elevation model (DEM; spatial resolution 0.5 m) was created using a
terrestrial light detection and ranging (lidar) system (Optech Ltd.). Orthorectified
Quickbird satellite imagery with 0.7 m pixel size was superimposed onto the DEM
(Fig. 5.2b).
The quantitative data obtained from digital mapping are used to construct a
digital outcrop model (DOM). The aim of a DOM is to assemble as much outcrop
data as possible to reconstruct the 3D architecture of the geologic system under
investigation. Petrel (Schlumberger Ltd.) was utilized for building a digital outcrop
model. Digital elevation model, collected digital field data, and lithofacies obser-
vations were transferred to the modeling package. Following, minimum curvature
simulations (with and without trend) were performed on each RTK GPS point set
derived from the outcrop measurements. The modeling process produces continuous
three-dimensional surfaces that depend on the input modeling parameters and repre-
sent interpolations of the outcrop surface data. This is straightforward and relatively
easy in areas with high data density, and becomes more interactive in areas away
from the outcrop surface. The geologist must choose which three-dimensional real-
ization, or ”surface”, most accurately reflects his or her interpretation of the original
stratal anatomy as measured from the outcrop (Phelps and Kerans 2007).
5.5 Lithofacies and depositional environments
The high quality and continuous outcrop exposures allowed comprehensive docu-
mentation of lithofacies and stratal anatomy. The lithofacies are grouped into four
genetic assemblages (Fig. 5.2c, Table 5.1) and are in order of decreasing water
depth: 1) basinal autochthonous deposits, 2) resedimented slope deposits, 3) in situ
accumulated proximal slope boundstones, and 4) outer platform-marginal deposits.
5.5.1 Basinal autochthonous deposits
Description
Distal slope and basin lithofacies can be subdivided into two groups and comprise 1)
alternations of marls and shales (S1) and 2) fine-grained wackestones to packstones
(S2) (Table 5.1, Figs. 5.3a to c). In addition, reddish nodular skeletal wackestones
to packstones (C1) occur in distal settings.
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Three-dimensional stratal anatomy of a carbonate slope
S1
Calcareous shales and marls form centimeter-thick to decimeter-thick tabular strata.
Lithologies show a gray to green colors, locally slightly red, and contain scattered
ammonoids. The shales and marls show a high lateral continuity. They are poorly
exposed and weather recessively between the surrounding strata (Fig. 5.3a).
S2
Fine-grained gray to brown mudstones to wackestones, locally packstones, are orga-
nized in centimeter to decimeter thick tabular beds. Beds show flat, sharp to minor
gradational bases and tops when interbedded with S1 or stylolithic contacts when
S1 deposits are absent (Figs. 5.3a,b).
C1
Reddish nodular skeletal wackestones to packstones with abundant ammonoids and
common microbial laminated incrustations define two remarkable meter-thick inter-
vals (Fig. 5.3c). The beds are highly amalgamated showing stylolithic contacts, and
locally display thin undulated and discontinuous to continuous marly seams and
interbeds.
Interpretation
Various distal slope and basin facies provide insight into the distal depositional pro-
cesses. The fine-grained texture and lack of sedimentary structures indicative of
wave or current energy indicate dominantly pelagic deposition from suspension un-
der quiet deep-water conditions with negligible turbulence. S1 lithofacies indicates
low carbonate sediment accumulation and predominance of background siliciclastic
input while, in contrast, S2 developed during time spans with higher rates of carbon-
ate accumulation. Relatively fine platform-derived material suspended by storms or
tides can be transported great distances before gravitationally settling into the basi-
nal environments (Heath and Mullins 1984). Some of the carbonate grains forming
S2 beds may be accumulated by low turbulence gravity flows forming thin interca-
lations which character has not been preserved due to sediment homogenization as
a consequence of bioturbation. C1 deposits record long periods of sediment con-
densation in distal slope and basinal-starved settings, similar to sections described
in the Jurassic Rosso Ammonitico (Italy, Martire 1996), and the Devonian of the
Montagne Noir (France, Pre´at et al. 1999).
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5.5.2 Resedimented slope deposits
Description
The slope is dominated by a wide range of carbonate-clastic deposits, redeposited by
various types of gravity flow mechanisms, and range from boulder-sized rudstones, or
megabreccias (sensu Cook et al. 1972), to fine-grained (fine sand to silt-sized) grain-
stones to packstones (Figs. 5.3, 5.4). Four main lithofacies (S3 to S6) are recognized
and subdivided mainly on the basis of the dominant grain-sizes. Coarse-grained
lithofacies are collectively referred to as rudstones, with a modifier to denominate
clast size following the Wentworth Class (Udden-Wentworth 1922).
S3
Well to moderately sorted, silt to fine sand-sized to very coarse sand-sized bioclastic
grainstones (locally packstones) forming centimeter-thick to decimeter-thick beds,
or composite beds containing internal partitioning (Figs. 5.3d to f). Single beds can
show erosive bases with small scour features to flat sharp non-erosive bases, and sharp
to gradational tops, grading into very-fine packstone to wackestone. Downslope the
grain size in these beds decreases, passing into silt to fine sand-sized grainstones
to packstones. Internally beds display massive or crude normal grading with local
parallel lamination towards the bed tops, and local burrows. Rip-up mudstone
clasts (muddy intraclasts incorporated from the underlying substrate) can occur at
the bases, and locally elongated grains such as crinoid stems can show preferred
unidirectional orientation.
Figure 5.3 (facing page): ⇐= Photo plate of slope and basin lithofacies: a) Outcrop photo of
dm-scale alternation between fine-grained wackestone to packstone (dark grey to brownish,
poorly to well sorted, grain size from silt to very fine sand, lithofacies S2), and medium to
very coarse sand-sized grainstone -locally packstones (moderately to well sorted) deposited
in the lower slope (lithofacies S3). Note the presence of chert nodules (Ch) in lithofacies
S2. b) Photomicrograph of lithofacies S2 consisting of fine-grained packstone with peloids,
echinoderm fragments, sponge spicules and radiolarians. c) Outcrop photo of nodular
wackestone to packstone with abundant ammonoids (lithofacies C1). d) Outcrop photo of
a bed of lithofacies S3 showing horizontal lamination, grading and erosive base. It represents
a calciturbidites deposited in the lower slope. e and f) Photomicrographs of resedimented
grainstones of lithofacies S3, containing peloids, coated grains, proximal slope clasts, and
echinoderms. Note late burial poikilotopic calcite spar occluding all pore space. g) Outcrop
photo of a bed of coarse sand-sized grainstones to rudstones with cm sized clasts <10-20%
of rock volume-, poorly to moderately sorted. Erosive base, normal grading and rip-up
clasts (white arrows) eroded from the underlying lithologies during the emplacement of the
gravity-driven flow (lithofacies S4). This lithofacies is common in the distal slope to basin.
h) Outcrop photo of a bed of lithofacies S4 with echinoderm spines and fragments oriented
parallel to bedding (white arrows), indicating turbulent flow behavior.
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S4
Very coarse sand-sized to granule-sized grainstones to rudstones with up to 10%
of gravel-sized lithoclasts and skeletal fragments (Fig. 5.3g). Lithofacies form
decimeter-thick to meter-thick beds or divisions that basinward and vertically may
grade into S3 lithofacies. Beds are internally massive, or locally display a very coarse
gradation. Commonly beds are characterized by the presence of unidirectional ori-
entation of elongated grains such as crinoid stems (Fig. 5.3h).
S5
Clast-supported to matrix-supported gravel-sized, poorly-sorted rudstones with sand-
sized matrix (Figs. 5.4b to e). Beds are tabular to lenticular, 0.2 to 2 m in thickness,
and have erosive bases. Internally beds are massive, or show normal grading, and
rare inverse grading close to the base. Within a single bed grain size usually decreases
down slope, passing into finer-grained lithologies (S4). The amount of matrix (S3-S4)
can be highly variable and even be totally absent.
S6
Poorly-sorted cobble-sized to boulder-sized rudstones with a highly variable propor-
tion of sand-sized matrix; varying from matrix-supported to rare clast-supported
(Figs. 5.4f to h). Large boulders up to 10 m in diameter are present. Internally,
the deposits usually lack any recognizable organization such as grading. Beds form
meter-thick (up to 15 m in thickness) lenticular packages with highly irregular bases
showing scouring features (i.e., truncation surfaces that cut through several meters
of underlying strata) and deformation structures in the underlying beds, and sharp
flat to convex-upwards tops, with large clasts commonly protruding from the top
Figure 5.4 (facing page): =⇒ Photo plate of slope lithofacies, continued : a) Photomi-
crographs of grainstone to rudstone with platform-derived grains (peloids, coated grains,
bioclasts) and slope clasts of peloidal micrite. b) Outcrop photo of dm-thick beds of gravel-
sized rudstone, sand-grained matrix-supported, with angular to subrounded clasts up to
2-3 cm in size, and highly erosive bases. The clasts are sand to gravel-sized and include:
1) grainstone clasts; 2) micritic dominated clasts (boundstone?); 3) coral boundstones; 4)
gravel-sized coral fragments. The sand-sized matrix includes platform-derived skeletal and
non-skeletal grains, coated grains, and peloids (lithofacies S5). c and d) In the proximal
slope S3 to S5 clasts are commonly bound by rims of fibrous cement and radiaxial fibrous
cement. e) Photomicrograph of S5 rudstone showing the mixed composition of bioclasts
and lithoclasts, bound by radiaxial fibrous cement. f and g) Boulder-sized rudstones with
sand to fine gravel-sized matrix. Boulders (b) can reach 1-2 m in diameter, and can show
”sticking-out” (white arrows) the finer grained surrounding matrix. h) Boulders can be up
to 15 m in diameter in size.
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of the bed. The beds show either abrupt downslope terminations, or the deposits
grade basinward into boulder free rudstones (S5).
In general, all resedimented slope lithofacies suggest high primary interparticle
porosity prior to burial. In the distal slope and basin areas the pores are occluded by
blocky spar and poikilotopic calcite cements (Figs. 5.3e, f), with common syntaxial
overgrowths of blocky calcite cements around echinoderm skeletal grains. In proxi-
mal slope environments grains and clasts are lined by mm-thick isopachous rims of
radial axial fibrous cement (RFC) and fibrous cement (FC), preceding the blocky
spar (Figs. 5.4d, e).
Interpretation
The exposures allowed tracing of individual beds along the slope profile from the
proximal slope to distal slope and further down into the basinal regions. Concur-
rent variations in thickness changes, internal organization, grain-size distribution,
sediment texture, sedimentary structures, and the character of the base and top
of the bedding planes were captured. This provides a record of the behavior and
flow-transformations occurring in the gravity flows during their run-out. Individual
beds can be composed of a single lithofacies, but commonly they form a continuous
spectrum of lithofacies that is organized following a distinct style (the latter are here
referred to as composite beds). The internal divisions in such a package show both
vertical and horizontal downslope arrangement, with sharp to gradational bound-
aries, defining a discrete number of facies tracts (sensu Mutti et al. 1999):
1. Boulder-sized rudstone beds that suddenly pinch-out basinwards in the dis-
tal slope, or isolated groups of boulders (lithofacies S6). These beds are the
result of sudden en-masse deposition by frictional freezing of dense gravity
flows (granular or hyperconcentrated density flows; after Mulder and Alexan-
der 2001), and rock fall and avalanches transporting very coarse debris.
2. Beds composed by boulder-sized rudstone (lithofacies S6), passing downslope
into gravel-sized rudstones (lithofacies S5 and S4), coarse sand-sized grain-
stones and finally, fine sand-sized grainstone to packstones (lithofacies S3 and
S2). The decrease in grain size of the deposits down slope is accompanied by
a gradual thinning of the beds. The complete facies tract records the quick
transformation of a parent high-concentration flow firstly, into a concentrated
density flow secondly, and finally, into a turbidity current which was able to
carry only the finer-grained material basinward (smaller than medium-sized
sand).
3. Thin beds composed of silt to very coarse sand-sized grainstones and pack-
stones (lithofacies S3) which pinch-out both upslope and basinwards. A di-
rect upslope connection of these beds with coarser-grained deposits is not ob-
served, which probably indicates a bypass of sediments along the proximal
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slope. These beds probably represent the deposits accumulated by more dilute
currents (concentrated density flows and turbidity currents) that could not be
directly related with the previous described denser gravity flows.
Facies tracts 1 and 2 represent two end-members of a continuous range of low-
efficiency gravity flows originating at the outer-platform-margin and proximal slope,
and whose ability to transport coarse material decreases abruptly once these enter
distal-slope settings. The low content of very fine-grained sediments, mud or shale,
along the outer platform and proximal slope played an important role in the behavior
of those gravity flows. This provoked the interpretation that most of the gravity
flows were frictional flows in which cohesive forces were very small (or did not exist).
Such kind of low efficiency gravity-driven flows (granular flows, sensu Narding et al.
1979) generally require relatively steep slopes or some kind of flow confinement to
travel any significant distance, and flow behavior is directly related to the relative
proportion of grains and water, which can vary during its run-out as consequence of
flow evolution (Royhan Gani 2004). Once the dip of the slope decreases, the internal
shear stresses in the flow quickly become higher than the driving forces, causing the
deposition of the carried load. This can occur suddenly by en-mass deposition by
frictional freezing resulting from grain-to-grain interaction (facies tract 1) or, when
the inertia forces are higher, progressively along the basin-ward run-out of the flow
in the distal slope (facies tract 2). This complete evolution of the flow commonly
took place in distances shorter than 800 m from the proximal slope to distal slope
transition, favored by the lower dip angles of the distal slope and, in addition, by
the lack of flow confinement.
5.5.3 In situ accumulated proximal slope boundstones
Description
In the proximal slope (Fig. 5.2c) in situ boundstone deposits form meter-thick
to decameter-thick wedges that alternate, and downslope interfinger with detrital
deposits (S3-S6), and upslope with outer-platform-marginal grain-dominated sedi-
ments (S10). Two end members within a continuous range of intermediate fabrics
are recognized.
S7
Sponge boundstone consists of dark gray to slightly pink peloidal mudstone to wacke-
stone (rare packstone), with abundant remains of probable siliceous hexactinellids or
demosponges, and abundant stromatactis-like cavities (sensu Neuweiler et al. 2001a;
Figs. 5a to e). They form massive wedges which thin and pinch out down slope, have
no distinctive internal layering, are up to 10 m in thickness, and form discontinuous
to lenticular-shaped beds. The lower contact is highly irregular to gradational, and
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tops are commonly sharp and have an erosive character. Upslope this lithofacies
commonly grades into coral-microbial boundstones (S9).
Stromatactis-like cavities are up to 15 cm wide and 8 cm high and are oriented
both horizontally, or inclined down slope following the depositional slope dip angle,
as confirmed by geopetal infill (Fig. 5.5b). Crusts of RFC and FC occur, and are
up to 2 cm in thickness. Original porosity short after deposition could have ranged
from nearly absent with only small millimeter-sized vugs lined by isopachous rims of
FC, or can hold up to nearly 50% of the bulk rock volume with large centimeter-size
vugs and stromatactis-like cavities. The remaining pore space is occluded by blocky
calcite, and locally by saddle dolomite.
S8
Coral framestones are rare in the proximal slope and common in the outer-platform-
marginal areas, and are described in the following paragraph.
S9
Coral-microbial boundstones containing highly variable fabrics, ranging from: 1)
coral framestone (both colonial and solitary corals) with a pink to light gray matrix
of micritic to peloidal-coated grain packstone-wackestone; to 2) micrite-rich light
gray to yellowish boundstone with smaller amounts of in situ corals, calcisponges
and stromatoporoids with large cavities and common undulated micritic crusts (Fig.
5.5f). These sediments form meter-thick to decameter-thick lenticular shaped pack-
ages that commonly stack and amalgamate, forming very complex bodies. Coral
colonies are of variable sizes (0.5-5 m in diameter) and exhibit different phaceloid
Figure 5.5 (facing page): =⇒Photo plate of sponge and coral-microbial boundstone lithofa-
cies: a) In situ sponge boundstone appears as grey to slightly pinkish micritic deposits rang-
ing form peloidal mudstone to wackestone (rarely packstone) with calcareous and siliceous
sponges (lithofacies S7). b)Irregular open cavities are filled with several mm-thick genera-
tions of fibrous cement and radiaxial fibrous, and are commonly associated with the sponge
lithofacies. c and d) Photomicrographs of homogeneous to peloidal micrite with abundant
siliceous sponge spicules (from desmosponges and hexactinellids) with common millimeter-
size irregular cavities filled by cement. Thin bivalve shells and brachiopods are sparsely
present. e) Photomicrographs of a sponge with labyrinthine chambered walls and distinct
central cavities. f) Coral boundstones have highly variable fabrics with coral framestone
with dominant pink to light gray (microbial?) micrite between the corallites (lithofacies
S9). g) Photomicrograph of cross-sections of finger-like corallites (diameter 1.3cm) of a
phaceloid colony. Inter-corallite space is filled by wackestone with sponge spicules and
bivalve skeletal debris (lithofacies S9). h) Cavity showing accretionary microbial-micrite
crusts which create gravity defying growth forms. Cavities are lined by thick rims of fibrous
cement following occluded by blocky spar.
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coral types: 1) branching corals with thick corallites (1-2 cm wide), and 2) branching
corals with thin corallites (less than 0.5 cm) (Fig. 5.5g).
Large irregular cavities (up to 40 cm in size) occur and show several isopachous
crusts of RFC and FC, with very coarse blocky calcite cements filling the remaining
pore space (Fig. 5.5h). Lime-mud geopetal infills are also recognized within the
cavities. Coarse dolomite crystals can locally occur, forming the last stage of pore-fill
(replacing the blocky sparite). Where sponge-like bodies are present, stromatactis-
like cavities are common.
Interpretation
The boundstone and associated facies is interpreted to form a massive organically
stabilized framework, building a submerged platform-margin fringe across the prox-
imal slope. The micrite within the two boundstone types is interpreted as microbial
precipitate, although absolute evidence of a microbial origin is mostly based on: 1)
microspar occurrence as peloidal fabric, and accretionary crusts capable of creating
gravity defying structures and support cavities; 2) the observation that boundstone
deposits form meter-thick massive units stable on steep slopes dipping much more
than the angle of repose for carbonate mud; and 3) on comparison with similar tex-
ture in Palaeozoic and Jurassic rocks (Neuweiler et al. 2001b; Smith 2001; Della
Porta et al. 2003; Chafiki et al. 2004). Common in the micrite of lithofacies S7
are sparse to abundant spicules of siliceous sponges suggesting that sponges (demo-
sponges, hexactinellids) and the precipitation of micrite were the key element of the
microbial boundstone on the proximal slope.
5.5.4 Outer platform-marginal deposits
Description
Platformward of the previously described deposits sand-sized grain-dominated sed-
iments occur. In the oldest stage (Stage 1; Fig. 5.2c) this includes mostly tabular-
bedded packstones (R1), whereas younger stratigraphic stages (Stages 2-4) are com-
posed of mud-lean grainstones (S10). The latter are locally colonized by branching
corals forming massive lenticular colonies of coral framestone (S8), and minor lentic-
ular bodies of coral-microbial boundstones (S9).
R1
Moderately sorted, grayish coated-grain to peloidal-skeletal wackestones to grain-
stones occur throughout the lowermost part of the stratigraphic succession, and
along outer-platform areas in younger stages (Fig. 5.6a). Decimeter-thick tabular
beds are bound by stylolithic surfaces. Coarse sparitic cement (blocky spar, poik-
ilotopic cement and common syntaxial overgrowth around echinoderms) occlude the
low amount of interparticle porosity.
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Figure 5.6: a) Photomicrograph of outer-platform-marginal lithofacies showing a pack-
stone with common peloids, micritized grains, echinoderm fragments and foraminifers. In
the centre Involutina liassica (IL) a common form in outer platform, outer-middle ramp,
relatively deep-water settings (lithofacies R1). b) Coated-grain and peloidal grainstones are
well sorted and grains are lined with isopachous rims of fibrous cement (lithofacies S10).
c) Meter to decimeter wide coral patch reefs of Thecosmilia longimana? (cf. Flu¨gel 2004)
(lithofacies S8). d) Space in between the corallites is filled in by coated-grain grainstone
(lithofacies S8).
S10
Poorly to moderately sorted, and locally well sorted bioclastic and coated-grain
grainstones, with rare micrite matrix converting the sediment to a packstone fabric,
in poorly-bedded meter-thick intervals (Fig. 5.6b). Interparticle porosity is domi-
nant, with isopachous rims of RFC and FC lining the grains followed by white blocky
spar.
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S8
Coral framestone patch reefs form meter-thick and tens of meter-wide convex-upward
lenticular beds, with sharp-irregular non-erosive to erosive tops (Figs. 5.6c, d).
Branching corallites occur in two morphologies, with thick-branching (∼1-2 cm
wide), and thin-branching (0.5 cm wide) corallites.
Interpretation
The described facies are interpreted as being deposited in subtidal environment. The
coral patch reefs (S8) and clean carbonate sand (S10) record agitated energy setting
within wave base, whereas the coated-grain packstones (R1) reflect deeper, lower
agitated sub-wave base conditions.
5.6 Tectonic structures
Several types of tectonic structures dissect the stratal patterns observed in the slope
(Fig. 5.7a to d). In the proximal slope, sub-vertical, up to several dm wide, NE-SW
trending fractures crosscut the slope strata. Locally, fracture walls are lined by mm-
thick rims of RFC and FC, and are filled by contemporaneous sediment or blocky
spar (Fig. 5.7a). Reddish lime mudstone commonly forms the last stage of infill of
these fractures.
Extensional faults and associated monocline folds with growth strata are ex-
pressed in stratal patterns, mostly in the distal part of the slope (Figs. 5.7b to d).
Faults and folds are spaced regularly, ∼200 m apart. The footwall displays a narrow
asymmetric anticline with dips from 0 to 6°, and a wide asymmetric syncline in the
hanging wall with dips from 20° flattening to 5°. Faults typically tip-out upward
below growth monoclines, passing into a wedge-shaped fracture zone affecting the
dipping flank of the hanging-wall syncline (Fig. 5.7d). Fractures are sub-vertical, and
resemble fracture patterns associated with the development of a fault-propagation
fold above an upwardly propagating fault-tip as described by Withjack et al. (1990).
Offsets along the faults reconstructed from traced stratal surfaces, is ∼8 to ∼30 m.
Figure 5.7 (facing page): =⇒Outcrop photo plate of tectonic structures: a) Open fracture
in the proximal slope of Stage 3. Walls are lined by rims of early marine cements (white
arrows). b) Distal slope strata of Stage 4 affected by synsedimentary extensional faulting.
Note that the monoclinal fold becomes gradually less high indicative of synsedimentary
accumulation (left side of the image). c) Slope strata of Stage 2 and 3 around the proximal
to distal slope transition. Stratal patterns show a clear spoon-like shape as a result of fault
movement in the subsurface. Note open fissure mined for galena (right, white arrow D). d)
Distal slope strata of Stage 2-4 affected by synsedimentary normal fault operating in the
subsurface.
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Larger margin-parallel vertical faults at DBD host more than 15 economic de-
posits and prospects of Pb-Zn ore (Adit et al. 2004) (Fig. 5.7c). Gangue miner-
alogy is predominantly formed by coarse blocky calcite. Ore mineralogy consists
mainly of galena, sphalerite and pyrite (local chalcopyrite). The host rock surround-
ing the mineralization deposits is unaffected indicating that their precipitation is
much younger than the slope strata. During late burial fluids probably followed
pre-existing fractures and faults. At that time, however, the lower Jurassic strata
were already occluded by the coarse blocky calcite, as the host rock surrounding the
mineralization is not invaded and altered.
5.7 Stages of slope development and basin filling
In the study area four stages of slope development were defined. The subdivision is
based on stratigraphic stages that are bounded by composite stratigraphic surfaces
of genetic significance that mark major changes in geometry and reorganization of
deposition in the slope system. These bounding surfaces include drowning surfaces
with associated slope and basin starvation, and complex erosional unconformities
with large scours. These stratigraphic phases can be correlated with the last four
evolutionary stages recognized in the DBD platform (Figs. 5.8, 5.9, Merino-Tome´ et
al. 2007). Each of the four stages is characterized by specific lithofacies arrangement,
bedding character and geometry of stratal packages, and reflects differences in the
platform-slope growth style.
5.7.1 Stage 1
This first stage displays a tabular to slightly wedge-shaped geometry (Figs. 5.8a,
5.9a). The base is an irregular erosive unconformity, which crops out in nearby
deep gullies and in a river gorge outside of the study area. The total section is
70-100 m in thickness. Within the slope study area only the upper 12 m of the
interval are exposed. The interval is composed of parallel-bedded deposits forming
cm-thick to dm-thick beds with stylolithic bases and tops (lithofacies R1). Beds are
arranged into m-thick laterally continuous packages defined by thinly bedded inter-
vals that may include thin marly and locally red-colored intercalations (lithofacies
R1). Lithofacies distribution and bedding character along a vertical profile indicates
a mostly aggradational accumulation. The top of the interval is characterized by a
several m-thick section (2-5 m thick in the slope study area) of reddish to grayish
ammonoid-rich and crinoid-rich nodular limestone (lithofacies C1). This points to
a stratigraphically condensed section due to reduced- or no sedimentation. Small
faults (meter to decameter offsets), with growth strata showing lateral changes in
thickness and dip angle of stratal packages, are evidence for synsedimentary subcu-
taneous extensional faults. These features are well registered in the red condensed
interval.
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The original sedimentary profile of Stage 1 is difficult to reconstruct due to synde-
positional and later tectonic activity. Tectonic compartmentalization of the previous
platform deposits led to the development of a gentle south ward dipping ramp, or
low-relief platform. Average dip of the red condensed interval at the top of Stage 1
is 6°.
5.7.2 Stage 2
Stage 2 is wedge shaped, thins basinward and conformably overlies the red con-
densed interval of Stage 1 (Figs. 5.8b, 5.9b). The succession ranges from ∼24 m in
thickness in the distal slope areas, and reaches up to ∼200 m in the platform interior
areas. Deposits are organized in meter-thick to decameter-thick wedge shaped stratal
packages. Packages are bounded by well-expressed surfaces that can be traced in
the distal portion of the slope. The basinal part of a package consists of well-bedded
alternations of basinal autochthonous deposits (S2 with minor intercalated S1 litho-
facies), and local S3 beds. The slope portion is composed of tabular to slightly
lenticular amalgamated beds (decimeter thick to meter thick) of resedimented slope
deposits (S4 and local S5 lithofacies). Moving distally bedding becomes better ex-
pressed. In the youngest packages wedge-shaped in situ accumulated boundstones
(S7 and S9 lithofacies) occur in the proximal slope. The outer-platform area is dom-
inated by horizontal tabular meter-thick beds of R1 lithofacies. In the slope each
basinal portion of a younger package overlies and drapes more proximal deposits of
the underlying package (Fig. 5.8b) indicating a retrogradational style. The platform
is mostly aggrading. Simultaneously, together with the introduction of the in situ
accumulated boundstone in the youngest interval, slope angles significantly increase
from 8 to 19°. The top of Stage 2 is marked by a reddish-stained condensed interval
in basinal areas, similar to the one described at the top of Stage 1. It is poorly
developed up dip along the slope and outer-platform-marginal area.
5.7.3 Stage 3
Stage 3 is characterized by two distinct clinoformal successions (Figs. 5.8c, 5.9c,
5.11b). In the first series, meter-thick to decameter-thick wedge-shaped clinoforms
prograde southwards over the platform top of Stage 2 (inset in Fig. 5.8c). Platform-
top clinoforms are up to 70 meters high and display an exponential profile with top
sets dipping around 3° basinward, and a sharp break to an 18° inclined slope. In the
distal part clinoform toes merge at low angle with the downlap surface. Clinoforms
are mostly made up of coated-grain grainstone (S10 lithofacies) with lenses of coral-
microbial boundstone (S9 lithofacies) and coral patch reefs (S8 lithofacies) in the
upper portion (0-30 m). At the toes coated-grain packstone (lithofacies R1) occur,
with minor rudstone (S4-S5 lithofacies).
In the second part the clinoforms reach the relict platform break (of Stage 2) and
spill downslope. In the proximal and distal slope, slope clinoform packages have a
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distinct wedge-shaped geometry thinning basinward, and becoming thicker upslope.
The stage is at least 60 m thick in the western side, thinning basinward to at least 20
m thick in the distal slope. The basinal interval is ∼12 m in thickness. The base of
Stage 3 forms a clear downlap surface in the outer-platform-margin and slope area,
and passes into a conformable horizon basinwards, corresponding to the condensed
interval which makes up the top of Stage 2 (Figs. 5.9c, 5.11b).
In the proximal slope, in situ accumulated boundstones (S7 and S9 lithofacies)
form wedge to sheet-like meter-thick to decameter-thick bodies parallel to the cli-
noforms that become progressively thinner down slope (Figs. 5.8c, 5.9c), and in-
terfinger with the resedimented slope deposits. The accretion of in situ accumulated
boundstone in the planar proximal slope shows a progressive increase of slope angles
from 19 to 23°. Internally, these packages show inclined beds that define low-angle
progradation. The youngest clinoforms extend for the whole slope profile. Bedding
is poorly developed in the proximal slope where the in situ accumulated bound-
stones (S7 and S9 lithofacies) occur and where resedimented slope deposits (S4 and
S5, minor S6 lithofacies) are pervasively cemented by early marine RFC and FC.
Boulder-sized rudstones (S6 lithofacies) become more common as the slope angle
increases. Bedding in the distal slope remains dominantly tabular, although highly
lenticular packages can occur. In the transition from the distal slope to the basi-
nal area resedimented slope deposits (mostly S4 and S3 lithofacies) interfinger with
basinal autochthonous deposits (S1 and S2 lithofacies) that become more abundant
basinwards. In addition, scattered m-sized boulders occur in this area. The distal
slope displays a concave profile and stratal dips decrease from 19° around the proxi-
mal slope to distal slope transition to around 8 to 6° moving basinwards. The distal
slope and basinal deposits are truncated by a highly erosive unconformity.
5.7.4 Stage 4
This stage is only present in the distal slope and basinal area. It displays a wedge-
shaped geometry thinning upslope, becoming thicker in the distal slope and basinal
Figure 5.8 (facing page): =⇒a) Outcrop photograph showing decimeter-thick tabular bed-
ding of aggrading Stage 1, middle ramp to outer ramp(?) setting. b) Outcrop photograph
tabular to wedge-shaped bedding of retrograding Stage 2. Beds thin and pinch out bas-
inward, proximal slope location. c) Outcrop photograph of tongues of prograding in situ
accumulated boundstone of Stage 3. Boundstone forms massive walls alternating with
lenticular coarse resedimented slope deposits. Bedding dip becomes progressively steeper
upsection; location proximal slope. Inset shows platform top clinoforms of Stage 3 pro-
grading and downlapping onto the platform succession of Stage 2. d) Outcrop photograph
showing coarse rudstone deposits incising several meters into previously deposited strata
(lower package LP). Coarse deposits are onlapped (OL) by tabular thin-bedded basinal
autochthonous deposits and minor grainstone beds (upper package UP). Inset shows en-
largement of basal scour, location distal slope.
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area (Figs. 5.8d, 5.9d). The succession is at least 54 m thick. The base is a composite
submarine erosional unconformity developed as the result of several major events of
erosion and incision during the passage of high-volume gravity flows. The erosional
unconformity incises up to 12 m into the underlying strata (Fig. 5.8d). Basinward
the base passes into a conformable stratigraphic surface. The interval is formed by
several subintervals which itself are bound by submarine erosional unconformities
with incisions by scours and gullies. In the proximal parts, across transverse sections,
the basal unconformities show wide trough geometry with meter-deep to decameter-
deep incision, several hundreds meters in width (up to 200 m). Basinward, troughs
become shallower and wider, passing finally into conformable surfaces. Internally
subintervals can be divided into two stratal packages (Fig. 5.8d).
The lower package, in the proximal parts, is formed by coarse detrital deposits
(S6 to S4, and minor S3 lithofacies) filling the troughs. Beds generally stacked
in a retrogradational manner, onlap the basal erosional unconformity and display
highly lenticular geometry. Locally, backfilling and basinward accreting wedges can
be recognized. Individual rudstone beds in the proximal parts are up to several
meters in thickness, including boulders up to 10 m in size (S6 lithofacies), and
thin basinward. Distally the lenticular character of the beds and the degree of
amalgamation decreases. These deposits laterally and distally progressively grade
into well-bedded alternations of tabular detrital deposits (S3-S4 lithofacies) and
basinal autochthonous sediments (S1-S2 lithofacies) over distances of less than 200
to 400 m.
The upper package is composed of autochthonous basinal deposits (S1-S2 litho-
facies) with minor intercalated tabular thin beds of grainstone and packstone (S3
lithofacies), which are volumetrically less abundant than in the lower package. This
deposit may onlap the lower package. The distal slope profile displays stratal dips
around 8°, but locally dips down to horizontal.
5.8 Evolution of the slope system
5.8.1 A digital outcrop model
A digital outcrop model (DOM) was established by modeling three-dimensional sur-
faces through the RTK GPS-traced bedding planes and faults. Conditioned to the
outcrop data, they were designed to reflect observed stratal anatomy and conceptual
steps in the depositional model (Fig. 5.9). Figure 5.10 and 5.11 show the stepwise
procedure carried out to generate the digital outcrop model for the DBD slope. Fig-
ure 5.12 and Table 5.2 summarize much of the information regarding stratal anatomy
as measured from the digital outcrop model.
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Figure 5.9: Evolutionary model of geometry and lithofacies distribution of stages 1 to 4.
a) Aggrading low-relief platform (Stage 1). b) Retrograding relief-building platform (Stage
2). c) Prograding platform and reestablishment of a high-relief carbonate slope (Stage 3).
d) Resediments deposited in the distal slope (Stage 4). Margin configuration of Stage 4 is
inferred from nearby areas.
Slope anatomy and evolution
The stratigraphy of the DBD slope succession documents an evolution from a low-
relief ramp-like system to a high-relief platform with a steeply inclined southward
facing slope affected by syndepositional faulting (Figs. 5.8, 5.9, 5.10). Stage 1
corresponds to a subtidal-dominated low-relief platform displaying a ramp profile.
The vertical stacking of lithofacies records a dominantly aggrading character. After
correction for fault offsets, the reconstructed relief for the top of Stage 3 is at least
115 m, resulting in a restored slope angle of ∼3° (Figs. 5.9, 5.10).
At the transition from Stage 1 to Stage 2 a major shift in sediment deposition
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occurred. Basinal starvation, in combination with a platformward retreat of the
locus of sediment deposition, indicates a significant backstep of the shallow-water
carbonate environments as a consequence of a relative sea-level rise. The platform
dominantly aggraded, while the slope retrograded (Stage 2, Figs. 5.9, 5.10). In addi-
tion, fault block movement in the subsurface created progressively more subsidence
in the southward, i.e., basinal direction. The overall result is a progressive devel-
opment of a platform with higher relief and a steeper inclined slope. Height above
basin of the outer platform reaches ∼420 m at the end of Stage 2 (Figs. 5.10, 5.11,
5.12). Once the platform developed considerable relief, an organic framework estab-
lished across the proximal slope, and the proximal slope was widely cemented by
early marine cements. Growth strata are deposited in the monoclinal folds created
by the fault block movement. The fault tips never reach the surface.
Near end of Stage 2 a major reorganization in sedimentation occurred. A ma-
jor backstep (on the order of 7.5 km) was responsible for platform top and slope
starvation. Sediment production and accumulation started again in the central area
of DBD (Merino-Tome´ et al. 2007). Platform-top clinoforms of Stage 3 prograded
southward and eastward across the platform top of Stage 2 (Fig. 5.9). Finally, the
clinoforms reached the relict platform break (of Stage 2), and started spilling and
downlapping onto the slope (Fig. 5.11). The massive organic framework reestab-
lished in the proximal slope, forming broad tongues (in plain view) which encroached
down on to the proximal slope. From ∼40 to ∼90 m below the platform break
(the inflection point from the slightly dipping outer platform top set beds to the
slope is defined as platform break, cf. Adams and Schlager 2000), coral-microbial
boundstones (lithofacies S9) occur that grade downslope into sponge boundstone
(lithofacies S7) down to depths of ∼140 m. These bodies did not outline one front
colonizing the proximal slope, but formed tongues reaching variable depths, and were
interrupted by areas dominated by detrital material. Spur-and-groove-like systems
are difficult to reconstruct, but it is likely that the slope morphology presented areas
which stood out more into open-ocean, dominated by organic build-ups, and parts
which formed entrants with deposition of detrital sediments. The boundstones al-
ternate and interfinger with detrital deposits. Early marine cementation took place
down to ∼140 m below the platform break, filling interparticle pore space and larger
cavities within the bioconstructional framework. The boundstone lithofacies are
massive organic constructions but cannot be regarded as barrier reef which grew up
Figure 5.10 (facing page): =⇒Model surfaces. a) Isopach map of stage thicknesses. b) Dip
angle maps of top of Stage 1 to 4. Note monoclinal folds due to normal faults operating
in the subsurface. c) Maps of depth from platform break to basin. Relief is highest during
stage 3. Stage 4 shows infilling of the basinal areas by slope aprons. Tentative platform
relief not accounted for (see text for discussion). d) RTK GPS traced stratal patterns used
for construction of surfaces and conditioning data in geostatistical modeling. Spheres are
colored to modeling rock type association (MRT, see text for discussion).
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to zero sea level and protected and separated a lower energetic lagoonal environment
from the open ocean, such as in many Recent and fossil carbonate platforms where
there is a rim stabilized by reef bodies (e.g. Read 1985). In the case of the DBD the
rim was predominantly formed by coarse coated-grain sand, and coral patch reefs.
Stabilization of this kind of platform margin may have been aided by microbial activ-
ity and/or rapid diagenetic cementation of the sand. According to Schlager (1992)
carbonate sand shoals are able to build stable barriers at platform margins. Parts of
the margin of the Recent Bahama Platform also lack reefal support but are formed
by ooid shoals or skeletal sands (e.g. Harris 1983).
The clinoforms were not able to fill all the available accommodation space at the
high-relief slope. As a consequence of this, and due to the continuous accretion of
the in situ accumulated boundstones that are capable of building to high-angle of
repose, the proximal slope profile steepened (Fig. 5.10). The increase of the slope
angle facilitated coarse material reworked from the proximal slope to be transported
to the distal portion of the slope. At this time the platform break was ∼490 m above
the basin floor (not corrected for basinal compaction). Monoclinal folds continue to
be expressed but become shallower and wider (Fig. 5.10).
Large-scale collapses at the proximal slope and margin led to the development of
a major unconformity at the base of Stage 4. Coarse detrital material accumulated
in the distal slope, forming slope aprons that extend kilometers basinward in tur-
biditic lobes. The measured paleocurrents indicate a persistent eastward deviation
of the flows, 20 to 40° from a direction perpendicular to the margin. These may be
both the result of a broad southeastward oversteepening of the slope due to increase
subsidence in this sector, or the consequence of flow deviation by topographic irreg-
ularities generated by local tectonic structures. During this interval of time most
sediment bypassed the proximal slope, or was removed by erosion though later alpine
continental uplift and exposure. The erosional unconformity is recorded from 280
m below the platform break near the top of Stage 3. Monoclinal folds become less
apparent and only have limited effect on the stratal patterns in the distal slope (Fig.
5.10).
Present-day total relief of the slope is 490 m, of which at least 115 m is caused
by normal faulting (Fig. 5.12). Total platform aggradation (Stage 1 to Stage 3) is
340 m, in contrast with 96 m of slope sedimentation. This represents at least 244 m
of differential relief (Fig. 5.10). Figure 12 displays the individual and total platform
aggradation of the stratigraphic stages (see also Table 5.2). The age equivalent
platform succession, recorded in nearby areas, reaches up to 160 m in thickness
(Merino-Tome´ et al. 2007) and most likely also accumulated on top of the platform-
top deposits of Stage 3 in the slope study area, but subsequently was eroded. This
would increase the total height of the sedimentary slope during the deposition of
Stage 4 up to 650 m. This is supported by the fact that the clasts of the coarse
debris in the distal slope deposits of Stage 4 include rock textures that have not
been recorded in the outer-platform-marginal and proximal slope in the study area,
but are recognized in the marginal deposits time equivalent to Stage 4 in other areas.
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Table 5.2: Quantified stratigraphic data. 1Thickness from Merino-Tome´ et al. (2007).
2Measured at the southern boundary of the slope study area. 3The platform break rep-
resents the boundary between the outer platform, where sediment is moved by waves and
currents, and the slope domain, where sediment is moved by gravity (Adams and Schlager,
2000). Depth to basin is the vertical distance from the shelf edge to the toe-of-slope (a
point where the basinward dip is less than ∼5°). 4Uncorrected for fault offset/corrected
for fault offset; not corrected for basinal compaction. 5Lithofacies groups/modeling rock
types have been grouped based on position along the depositional profile, bedding character
and rock texture. 6Volume percentages of the populated rock model using facies transition
simulation. Original global fractions of the well logs between brackets.
Outer platform-to-
basin relief
Stage Outer plat-
form stage
thickness (m)
Cumulative
platform
stage thick-
ness (m)
Cumulative
distal slope
thickness
(m)
Platform to
basin (hori-
zontal, m)3
Depth
to basin
(vertical,
m)3
Stage 4 160?1 500 Min. 1502 Min. 1800 6502
Stage 3 70 340 962 1550 490
Stage 2 200 270 842 1800 420
Stage 1 70-100 70 602 - 220/1154
Lithofacies groups/
modeling rock
types5
Lithofacies group Facies nr. Bedding
character
Location
along slope
profile
Stratigraphic
unit
Subtidal outer plat-
form marginal sedi-
ments
S8, S10, R1 Wedge
shaped to
lenticular to
tabular
Outer plat-
form and
margin
Stage 1-4
In situ accumulated
boundstone
S7, S9 Wedge
shaped,
massive
Proximal
slope
Stage 2-3
Resedimented slope
sediments
S3, S4, S5 Lenticular
to tabular
Proximal to
distal slope
Stage 2-4
Autochtonous basinal
sediments and grain-
stones
C1, S1, S2, S3 Tabular Distal slope
to basin
Stage 1-4
Coarse rudstone beds S4, S5, S6 Highly
lentinular,
erosive
Distal slope
to basin
Stage 4
Stratigraphic data
Stage Outer-
platform
marginal
deposits
In situ ac-
cumulated
boundstone
Redeposited
slope sedi-
ments
Thin-
bedded
basinal
deposits
Boulder-
sized rud-
stone
Stage 4 0%6 0% 45% (44%) 29% (51%) 26% (5%)
Stage 3 59% (12%) 15% (12%) 23% (72%) 3% (5%) 0%
Stage 2 32% (23%) 4% (6%) 49% (51%) 15% (20%) 0%
Stage 1 100% (100%) 0% 0% 0% 0%
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Figure 5.11: Digital outcrop model of slope: a) Surfaces are fitted through RTK GPS traced
stratal patterns and stage boundaries. b) Horizons bound zones that illustrate platform-
slope development. c) Facies transition simulation realization of the DOM. Backstepping
and formation of in situ accumulated proximal slope boundstone facies association, and
distal slope coarse resedimented bodies are clearly distinguishable.
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Quantitative stratigraphic data
A subsequent step was to model the facies partitioning within discrete zones con-
ditioned by digitally captured outcrop observations. The surfaces created from the
RTK GPS-traced bedding planes (Fig. 5.11a) bound the four stages and internal
stratal packages (Fig. 5.11b). The high amount and closely spaced recorded data
provide the possibility to create distribution maps of, for example, depositional rock
texture. Spatial statistics obtained from areas with high data density (Fig. 5.10)
are subsequently used to populate areas with low data density. A facies transition
simulation (Truncated Gaussian Simulation, Petrel 2005) was performed to popu-
late the model with lithofacies groups (or modeling rock types, MRT; Fig. 5.11c
and Table 5.2). Outcrop morphology biased the statistical distributions of MRTs,
i.e., it introduces a deviation in the relative abundance of the lithofacies groups
from the real geologic fraction. The marginal to outer-platform lithofacies group, as
well as the coarse rudstone beds were relatively under-sampled in the field, whereas
the resedimented slope deposits were oversampled. During the model population
these fractions are artificially adjusted in the vertical proportion curve to assure
a realistic geologic realization. Original fractions from the well logs are indicated
between brackets. Ten model populations were averaged to avoid ergodic fluctua-
tions (i.e., variations between the different stochastic realizations; cf. Falivene et
al. 2006). The model allows extracting the modeled and field recorded abundance
of the recognized lithofacies groups (Table 5.2). The relative percentages of volume
lithofacies groups per stratigraphic stage indicate that the boundstone lithofacies in
place constitutes 15% during the progradational Stage 3, in contrast with only 4%
during the retrogradational Stage 2. Thin-bedded basinal deposits decrease from
15% to 3% from Stage 2 to 3. The distal slope exposed in Stage 4 consists of detrital
fractions, with 26% consisting of coarse rudstone beds (including boulder-sized to
gravel-sized thick-bedded rudstones), which are interbedded in thin-bedded basinal
sediments (both turbiditic lobes and autochthonous sediments) which make up 29%
of the distal portion of the slope.
5.8.2 Sedimentary structures
The type of sedimentary processes acting on the slope affect the redistribution and
locus of sediment deposition along slope and nearby basinal areas, and the geom-
etry of the sedimentary bodies (i.e., beds or bed packages). In addition, on the
DBD slope the in situ boundstone accretion is an important factor as previously de-
scribed. Kenter (1990) already discussed the direct link between sedimentary fabrics
and slope declivities. The detailed observations in the present study, however, al-
low establishing a genetic relationship between dominant transport mechanism and
stratal geometries, and the locus of deposition of the re-sedimented deposits, which
all interlinked with changes in style of slope development.
During Stage 1 the main mechanisms for sediment redistribution were most likely
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Figure 5.12: Schematic reconstruction of platform-slope architecture and stratal geometries
during Stages 1 through 4. The clinoforms and stage boundaries correspond to stratal
surfaces tracked in the field with RTK GPS. The total offset of the faults through Stage
1 is 105 m as reconstructed through restoration of traced stratal surfaces. All values are
measured from the DOM.
storm-generated currents. It must be remarked that sedimentary structures typical
for storm beds have not been observed, most likely due to the effects of pervasive
bioturbation. Beds are centimeter to decimeter-thick, tabular and continuous.
During accumulation of Stages 2 to 4 gravitational flows are the main mecha-
nisms for detrital sediment transport and accumulation on the slope. The low relief,
and low-declivity phase of slope building (early Stage 2) was dominantly charac-
terized by low-volume sand-dominated gravity flows sourced from carbonate sands
accumulated along the outer platform and proximal slope areas. These were sheet-
like flows with low inertia forces (i.e., granular flows sensu Nardin et al. 1979) and
very low erosional potential that were only able to transport the sediment in the
steeper part of the slope transect, giving place to tabular cm- to dm-thick beds that
rapidly pinch out basinward and interfinger with autochthonous deposits. Trigger-
ing mechanisms of such gravity flows may include rapid sea-level changes, seismic
shocks, rapid differential compaction, or increase of pore pressure in the loose sands
by storm waves (Drzewiecki and Simo 2002).
The increase in slope relief and slope declivities, along with the establishment
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of in situ accumulated bioconstructed framework in the proximal slope (late Stage
2), is recorded by a progressive increase in the bed thickness and percentage of
large particles, such as boundstone fragments, in the re-sedimented deposits. Slope
instability increased and a change of triggering mechanisms for the flows is inferred.
Now flows are not only sourced from loose carbonate sand, but include larger-scale
collapses affecting early-lithified deposits in the upper tens of meters of the slope
stratigraphy. These margin failures generated larger flows and were able to carry
their sediment loads over larger distances and resulted in thicker beds that stack
and form sheet-like tongues interfingering with autochthonous deposits in the distal
slope (late Stage 2 and Stage 3). The increase in lenticular character of the beds
may be a consequence of an increase of flow power and erosional potential. The lack
of long-living conduits limited the capability of the flows to transport the detrital
material basinward once the slope declivities decrease in the distal portion of the
slope. In these areas mostly autochthonous deposits prevail.
Stage 4 is recognized by a major change in transport processes. The high slope
angles (exceeding 23°) and slope relief (more than 400 m) at the end of deposition of
Stage 3 reduced slope stability. Large failures affecting the outer-platform-margin
and proximal slope remobilized significant volumes of lithified sediments and loose
sand, generating high competence, hyper-concentrated, gravity flows (Mulder and
Alexander 2001). The flows were able to bypass the steeper part of the slope profile,
and had high erosional potential that allowed deep incision in previously deposited
sediments. The passage of the flow created broad canyons in the distal slope that
progressively become wider and shallower moving basinwards. Once the degree of
confinement of the flows decrease, internal forces that maintain the flow become
smaller and rapidly the flows freeze, or progressively evolve in lesser concentrated
currents with increasing turbulence (facies tract 2 and 3). This resulted in a conti-
nuous spectrum of flow behavior and subsequent bed arrangement and internal orga-
nization. The higher-efficiency gravity flows finally transformed in low-concentrated
sandy currents capable to transports sand-sized material and finer particles up to
several km’s away from the slope termination leading to the formation of extensive
sheet like, km-wide lobes (facies tract 3). These were attached to coarse debris
aprons formed at the mouth of the feeding channel, and the retrogradation arrange-
ment of the debris beds within these aprons indicate that the feeder conduits were
probably sourced by retrogradational slides generating progressively lower-volume
collapses, such as described by Mutti et al. (1999). The location of the collapse
zones varied across strike of the margin, as recorded by different locations of the
apical portion of the successive debris aprons.
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5.9 Discussion
5.9.1 Digital outcrop model
Geologic characterization and visual inspection of three-dimensional stratal anatomy
can be accomplished with a great degree of precision with DOMs. The thematic sur-
faces can serve as visual aids to gain a more intuitive understanding of the spatial
variability along any given stratigraphic horizon (Figs. 5.10, 5.11; Phelps and Kerans
2007). The three-dimensional surfaces reconstruct the observed large-scale evolution
of aggradation, retrogradation and progradation (compare Figs. 5.9, 5.11a). The
reconstructed horizons bound the four stages and zones within the stages with ge-
ometric relationships such as downlap and truncation (Fig. 5.11b). This process
significantly improves and enhances original outcrop observations that would have
been more difficult to appreciate from the outcrop without the digital approach.
5.9.2 Factors controlling slope architecture
Dominant controls on carbonate platform architecture include tectonic setting and
activity (Bosence 2005), relative sea-level change (Kendall and Schlager 1981), the
sediment supply by the type ”factory”, e.g. metazoan vs. microbial dominated
(Kenter et al. 2005; Schlager 2005), and local environmental factors, such as wind-
ward/leeward effects and oceanic currents. In response to relative sea-level rise (the
combined effect of regional, basinwide eustatic sea-level oscillations, tectonically in-
duced accommodation changes, and compaction), and depending on the rate of car-
bonate sediment production and accumulation, carbonate platforms may prograde,
aggrade, backstep or drown (Schlager 2005).
Tectonics
In the Djebel Bou Dahar the dominant control on slope architecture appears to have
been tectonically created subsidence by extensional faulting and block rotation in
a rift basin. Syndepositional extensional normal faulting is recorded by numerous
fracture zones and monoclinal folds with associated growth strata. These structures
indicate that tectonic activity occured during deposition of Stage 1 through Stage
4, but was more dominant during Stage 1 and 2. This resulted in the progressive
creation of differential subsidence towards the basinal areas, and the differentiation
towards the north of a less subsiding area where the shallow platform initiated and
was able to keep up with relative sea-level rise. In the study area the total tectonically
induced topographic differentiation from shallow-water platform to basin accounts
for at least 105 m (not including fault block rotation). Subsidence forced the system
to aggrade in Stage 1, and subsequently retrograde in Stage 2, enhancing the relief
and declivities of the slope and explaining its architecture. Episodically pulsated
fault-block rotation caused the retreat of the shallow-water carbonate factory and
the temporary starvation of the distal slope and basin (i.e., boundary between Stage
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2 and 3). Ongoing fault-block movement in the distal slope continued to increase
the platform-to-basin relief, as inferred from distorted distal slope strata in Stage 3
and 4.
It is essential to realize, in extensional settings such as the High Atlas Trough,
that accommodation space and geometry of depositional stratigraphic stages can be
variously altered by fault-block rotation (Ruiz-Ortiz et al. 2004). Relative sea-level
changes generated by fault-block rotation may override eustatic effects such that dis-
tinctive wedge-shaped depositional sequences are generated (Bosence 1998; Bosence
et al. 2005). The rotation is also capable of creating differential accommodation
space in platform and basinal areas and as a consequence platforms are forced to
aggrade and backstep and slopes to lengthen and steepen (Bosence et al. 1998).
The geometries observed in DBD resemble geometries known from other fault-block
carbonate platforms, such as the Miocene of the Gulf of Suez, which evolved on a
rotating horst within an extensional setting (Burchette 1988; Cross et al. 1998). In
addition, normal faults operating in the subsurface may have been responsible for
the basinward progressive created accommodation space, and enhanced differential
subsidence. This is recorded in the interaction of syndepositional faults and sedi-
mentation in fault propagated monoclinal folds with associated growth strata. Such
fault-propagation folding is an important process during the early stages of fault
growth in extensional settings (Leeder and Gawthorpe 1987; Gawthorpe et al. 1997;
Rosales 1999; Gawthorpe and Leeder 2000; Jackson et al. 2006).
Carbonate factory
The carbonate factory has controlled platform growth style throughout the geologic
record (Schlager 2005). In the case of carbonate slopes three main factors are of
importance and include: 1) the texture and type of grains being produced in the
platform top and margin, or in the proximal slope areas (Keim and Schlager 2001;
Tinker 1998; Della Porta et al. 2004), which are exported and redistributed along
the carbonate platform slopes (Reijmer et al. 1991), 2) in certain systems the in
situ production by the bioconstructers directly contributes to the net sediment slope
accretion, and may increase the slope declivities by binding and cementing, and the
accretion of actual lithified sediment (Keim and Schlager 2001; Della Porta et al.
2004), and 3) the gross volume being able to be produced by the system (Kenter
et al. 2005). Environmental factors affecting the carbonate factory have an imprint
on the discussed products (e.g. windward vs. leeward orientation may affect the
configuration of the margin, and may increase early marine cementation; Schlager
2005).
For the case of the DBD a change in the character of the carbonate factory
is recorded during deposition of Stage 2, directly affecting the type of sediments
accumulated in the slope. The initiation of the in situ accumulated boundstone is
responsible for changing the proximal slope configuration, and the type of sediments
accumulated downslope. The formation of massive bioconstructions contributes to
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a high percentage of the proximal slope deposits, and secondly helps to stabilize and
increase the declivities of the slope profile by in situ accretion. Thirdly, it provides
a new source of coarse detrital material to be redistributed along the distal slope.
Through time this new source becomes volumetrically more important and as such
influences the geometry of the steepening slope profile and the increase of coarse
detrital material forming the redeposited sediments along the distal slope.
Differential compaction
Differential compaction affected the measured slope profile as described in other
slopes (Saller 1996, Hunt and Fitchen 1999). For the DBD the presence of geopetal
fills in the granular proximal slope and outer-platform-margin rules out rotation due
to post-depositional compaction or tectonic activity. This is a consequence of the
composition of the proximal slope deposits which consist of early cemented and lithi-
fied granular sediments that are not prone to be affected by significant compaction.
Nevertheless, in the distal slope and basinal fine-grained thin-bedded sediments post-
depositional compaction may have exaggerated the declivity of steeply sloping beds,
by reducing the thickness of the accumulated succession, and enhancing slope relief.
Carbonate lime-mud with initial porosities of 70-80% can undergo a thickness reduc-
tion of 50% within 100-200 m of burial (Goldhammer 1997). Distal slope grainstones
have mean porosity values of ∼31% (digital image analysis estimates using transmit-
tent light petrography of standard thin sections), which corresponds to roughly 15%
compaction induced porosity decrease (45% initial depositional porosity, values from
Kenter et al. 1997). For the distal slope we estimate rotation by post-depositional
compaction to amount to 4-5°. This would imply depositional angles of less than 4°
for the distal slope (where it merges with the basinal-plain, rather than the 4-8° actu-
ally measured (see also Kenter and Campbell 1991), and the thickness reduction for
Stage 2 to 4 is grossly estimated at ∼40% (50 m). This should be taken into account
when considering the primary sedimentary relief of the slope. Hunt et al. (2002) and
Rusciadelli and Di Simone (2007) present evidence that basinal compaction-induced
subsidence can directly modify sequence development and control the architecture
of carbonate platforms. This is not the case for the studied example in which differ-
ential compaction only accounts for a minor contribution to the slope relief, in part
due to the recorded growth style of the slope. In aggradational and retrogradational
carbonate platform slopes, as the case studied here, it is inferred that differential
compaction does not exert a major control to slope configuration and declivities.
This is in contrast with other prograding slopes overlying thicker basinal successions
such as the Permian Capitan Reef (Hunt et al. 2002).
5.9.3 Basin-restricted wedges
The stratigraphy in the distal slope documents the evolution of carbonate platform
growth, and can be used to reconstruct the historical record of sea-level fluctuations
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(e.g. Reijmer et al. 1991). This approach relies on the interpretation that coarse
grained basin-restricted wedges are deposited during periods of sea-level low stand
(Posamentier and Vail 1988; Van Wagoner et al., 1988), and that during periods of
sea-level high stand platform-top derived grains are dominantly shed to the basin
(Schlager et al. 1994). However, through geologic history a significant proportion of
carbonate platforms developed in tectonically active areas, especially in rift basins
(cf. Bosence et al. 2005). In contrast with systematic facies changes steered by
eustatic sea-level fluctuations the stratigraphic geometry of these platforms may
record relative sea-level changes that could be dominated by mainly tectonically
driven changes in accommodation space (Whalen et al. 2000). Only continuous
large outcrops which display sufficient stratal geometry and control on internal facies
anatomy permit extraction of calibrated relative sea-level curves. Recent studies also
demonstrate that the high-stand shedding model may not be the dominant platform
evolution mechanism in the geological record. Kenter et al. (2005) document a highly
productive microbial supply mechanism which is less dependent of fluctuations of
sea-level (cf. Della Porta et al. 2003; 2004). Furthermore, Grammer and Ginsburg
(1992) illustrated that coarse debris along the modern Bahamian platform margins
may be shed at any time of platform growth and are not limited to sea-level lowstand
only.
In the slope study area basin-restricted wedges were only recognized in Stage 4.
The described debris aprons clearly have an outer-platform-marginal source. Col-
lapses and margin failure may have occurred during periods of sea-level lowstand,
but may also have been the result of oversteepening of the proximal slope and subse-
quent readjustment regardless of sea-level. Clearly, for the DBD other factors, such
as slope gradient, change in the carbonate factory, and tectonic activity may override
eustatic sea-level signals and prohibit interpreting the slope system in a high-stand
shedding context. In conclusion, the initiation of the collapses that sourced the
wedges cannot be correlated to sea-level fall. This strongly contrasts with earlier
interpretations by Blomeier and Reijmer (2002).
5.10 Conclusions
Three-dimensional depositional anatomy of a high-relief steeply-inclined lower Juras-
sic carbonate platform slope has been reconstructed making use of digital field tech-
nologies. Stratal patterns and lithofacies characteristics reveal trends specific to
aggradational, retrogradational and progradational platform geometries. The dom-
inant control of platform-slope architecture development at the Djebel Bou Dahar
was active syndepositional tectonics within an intracratonic rift basin.
On the basis of stratigraphic relationships and lithofacies assemblages, the DBD
slope was subdivided into four stages of development which correspond to distinct
phases in slope evolution. The stratigraphic succession records an initial low-relief
platform, ramp-like style phase (Stage 1) and a following relief building phase (Stage
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2 to 4). During Stage 1 the low-relief platform had no continuous exposure to wave
and current action because of great accommodation space available. Sub-wave base
subtidal sediments were dominant, and arranged in tabular horizontal packages with
a dominantly aggrading character. Tectonic break up of the ramp created rotational,
fault-controlled blocks, and differential subsidence, and led to increased accommoda-
tion in the distal slope and basinal area. The tectonically-induced relative sea-level
rise then facilitated the transition from a regionally extensive ramp to a high-relief
slope. Through Stages 2 to 4, platform backstepping and aggradation, followed by
progradation, created a high-relief steep slope, with alternating periods of sediment
starvation, sediment accretion, and sediment bypassing and self-erosion due to over-
steepening, with possible seismic triggering. In addition, probably due to changes
in environmental factors, an organic proximal slope facies was established. Mas-
sive coral-sponge-microbial boundstone formed slope wedges down to approximately
140 m below the platform-slope break, and interfingered downslope with detrital
deposits. In terms of stratal patterns, during retrogradation (Stage 2) the slope
steepened with basinward dips from initially 6 up to 19°. Clinoforms of the retrogra-
dational phase are slightly sigmoidal and ∼420 m high. The progradational slope
(Stage 3) is exponential to sigmoidal, ∼460 m high and 23° steep. During Stage 4 the
platform reached the highest relief, and large-scale failure of the margin and proxi-
mal slope are inferred from coarse debris bodies deposited in the proximal slope and
basin. Compaction induced differential subsidence possibly affected the bathymetric
profile in basinal areas, with a few degrees of additional rotation as a result. Small
faults operating in the subsurface continued to affect slope sedimentation patterns,
and are expressed in asymmetrical monoclines in the distal slope.
During the platform evolution the depositional processes co-varied with changes
in style of slope development. The change in anatomy and internal character of sed-
iment packages correlates with the progressive increase in slope height. Where the
low-relief stages are dominated by muddy and sand-sized sediments, the high-relief
stages show sand- and cobble-sized to boulder-sized and massive in situ boundstone
sediments. Sediments were first exported in non-channelized sheet flow, but as relief
increased, erosional confined flow became more common, depositing lenticular pack-
ages. In addition, the change in the type of sediment factory, with the initiation of
the in situ organically stabilized and cemented framework across the proximal slope,
promoted coarse grain sizes to be transported to the basin.
The study illustrates how style of slope architecture and slope evolution is strongly
influenced by active syndepositional tectonics, and how nature of the produced sed-
iment and depositional processes are responsible for the geometry of sedimentary
bodies in such carbonate slope settings. Three-dimensional reconstruction of the
slope systems with digital field technologies allowed for accurate and quantitative
interrogation of stratal anatomy and lithofacies relationships, and allowed observa-
tions which would not have been possible without the digital approach. This outcrop
example could be an excellent analog for many ancient outcrop as well as subsurface
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carbonate platform slopes in extensional basins, with active synsedimentary tecton-
ics, or for other high-relief carbonate slope systems in which similar sedimentation
mechanisms might act.
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Chapter 6
Controls and predictability of carbonate
facies architecture in a lower Jurassic 3D
barrier-shoal complex (Djebel Bou Dahar,
High Atlas, Morocco)
Abstract
Spatial information on lithofacies from outcrops is paramount for the un-
derstanding of the internal dynamics, external controls and degree of predic-
tability of the facies architecture of shallow-water carbonate-platform tops.
To quantify the spatial distribution and vertical stacking of lithofacies within
an outer-platform shoal-barrier complex, integrated facies analysis and digi-
tal field technologies have been applied to the high-relief carbonate platform
exposed in the Djebel Bou Dahar (early Jurassic, High Atlas, Morocco). Subti-
dal cross-bedded gravel to coarse sand-sized coated-grain grainstone-rudstone
to supratidal pisoidal packstone-rudstone with tepees together acted as topo-
graphic high, forming a shoal-barrier belt (350 and 420 m in width) parallel
to the margin, and separating a restricted lagoon from a subtidal open marine
region. Tidal flats developed in the protected flank of the barrier facing the
lagoon.
Lithofacies patterns were quantitatively captured from outcrop and inte-
grated into a digital outcrop model. The outcrop model enabled rapid visual-
ization and efficient extraction of quantitative data on widths of facies belts.
In addition, the spatial heterogeneity was captured in multiple time slices, i.e.,
during different phases of cyclic base-level fluctuations.
In general, the lateral continuity of lithofacies is highest when water depths
are high during flooding of the platform top, establishing low-energy subtidal
conditions across the whole platform, and when the accommodation space
was mainly filled up with tidal flat facies. Heterogeneity increased during
deposition of the relief-building bar facies that promote spatial diversification of
depositional environments during initial phases of creation of accommodation
space.
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Modified embedded Markov analysis was used to test the presence of com-
mon ordering in vertical lithofacies stacking in a stationary interval (constant
depositional mode). Analyzes of individual sections did not reveal any or-
dering, which may be related to limited length of these sections. Composite
sections, however, rejected the null hypothesis of randomness. The addition
of stratigraphic significant information (exposure surfaces and particular pla-
nar surfaces representing tops of subtidal lagoonal intervals) and 2D lateral
extension of facies bodies to the Markov analysis strengthens the preferential
ordering. Nevertheless, it is acknowledged that significant levels of random-
ness, or noise, exist in the vertical facies succession which in turn feeds the
debate on the existence of predictable shallowing-upward cyclicity.
Tidal shoal-barrier belts often contain hydrocarbons reservoirs. The semi-
quantitative information presented here makes this outcrop study a valuable
analogue to complex subsurface reservoir systems.
This chapter is based on: Verwer, K. Della Porta, G., Merino-Tome´ and Kenter, J.A.M. (submitted)
Controls and predictability of carbonate facies architecture in a lower Jurassic 3D barrier-shoal
complex (Djebel Bou Dahar, High Atlas, Morocco). Sedimentology.
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6.1 Introduction
On carbonate platform tops, the vertical stacking of peritidal facies at the sub-
meter scale and their spatial variation reflect the interplay of changes in intrinsic
factors, specific to the environments of deposition, as well as external eustatic and
tectonic controls. Studies focussing on carbonate platform-top successions aim to
unravel patterns and causes of lithofacies architecture. The general goal is to pro-
pose conceptual models for the predictability of superposition and lateral continuity
and juxtaposition of shallowing-upward meter-scale packages (also termed cycles or
parasequences) bound by surfaces of subaerial exposure or marine flooding. Never-
theless, on carbonate platform tops, a variety of depositional substrates, controlled
by local energy regimes and sediment producing biogenic and inorganic processes,
occur within limited accommodation space with little potential of being preserved.
Depositional environments can rapidly migrate laterally and stack vertically, leav-
ing spatially highly complex lithofacies mosaics with a variable degree of order and
predictability. The driving mechanisms for vertical stacking of platform facies gen-
erally addressed are the sole effect, or the combination of, a) autocyclic processes,
such as shoreline progradation, sediment redistribution, local depositional relief, at
constant subsidence rate (Ginsburg 1971; Pratt and James 1986) and b) allocyclic
sea-level changes controlled by eustasy driven by Milankovitch orbital forcing (Gold-
hammer et al. 1990, Strasser et al. 1999; Lehrmann and Goldhammer 1999).
Stratigraphic forward modeling has been applied to unravel the complexity of
platform facies architecture showing that, at the lithofacies scale, some parts of the
sedimentary record may represent the product of complex and mobile facies mosaics
(Burgess and Wright 2003; Burgess and Emery 2004; Wright and Burgess 2005).
Modeling results do not rule out allocyclic mechanisms, but suggest that shoreline
and island progradation are also plausible mechanisms to create variable-thickness,
shallowing-upward peritidal parasequences, and should be considered in the inter-
pretation of such strata (Burgess, 2001, 2006; Burgess et al. 2001). The only clear
evidence of allocyclic forcing of vertical heterogeneity is the presence of subaerial
exposures on subtidal facies. Even in case of strong allocyclic forcing, such as during
icehouse periods characterized by high-frequency, high-amplitude glacio-eustasy, the
lithofacies distribution within parasequences can be highly variable as a result of
circulation, turbulence, salinity, sediment growth potential and unfilled accommo-
dation space (Gianniny and Simo 1996; Lerat et al. 2000). Questioning the real
existence of meter-scale shallowing-upward cyclicity, some authors attribute verti-
cal facies stacking to random migration of depositional environments and stress the
importance of stochastic processes during sediment accumulation even in modern
carbonate settings (Drummond and Wilkinson 1993; Wilkinson et al. 1996; Wilkin-
son and Drummond 2004). Numerous studies have focused on the sedimentology
and geomorphology of modern carbonate tidal flats and shoals, in particular on
the Great Bahama Bank and the Persian Gulf (Ball 1967; Purser 1973; Hine 1977;
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Harris 1983; Shinn 1983), which provided important qualitative insights on the char-
acter and spatial patterns of sediment accumulation. With the advance of satellite
imagery and geographical information system software, analyzes of remote sensing
data reveal quantitative findings on geometry and abundances of environments of
deposition in Recent shallow-water carbonate systems (Hine et al. 1981; Purkis et
al. 2002; Rankey 2002; Rankey et al. 2006). Rankey (2002) showed that the Andros
tidal flat of the Great Bahama Bank is complex but not governed by random spatial
distribution. Sediment patch area is scale-invariant, but sediment patch juxtaposi-
tion is highly ordered as controlled by self-organization of the sedimentary system.
The discrepancy with the proposed vertical and lateral randomness of facies in an-
cient peritidal successions (cf. Wilkinson et al. 1999) can have its explanation in
the incomplete stratigraphic record and the effect of external forcing inducing ran-
dom lateral and vertical transitions that disrupt the ordered internal signal (Rankey
2002).
Being aware of the complexity and incompleteness of the stratigraphic record, in
particular in near shore environments, quantification of spatial facies variations at
the metrae-scale is required to capture the distribution of depositional environments,
palaeotopography and vertical stacking of facies. Detailed knowledge of outcrop-
scale stratal architecture and width of facies belts with associated juxtaposition and
occurrence probability could have a significant impact on interpretation of similar
subsurface systems (Wright and Burgess 2005; Kerans and Tinker 1997). And, the
statistical evaluation of juxtaposition of sedimentary bodies improves the ability to
predict the occurrence of sedimentary bodies in areas of low data density (Lehrmann
and Rankey 1999; Deutsch 2002). Notwithstanding, there are only a few studies of
ancient platform top successions in which spatial properties of sedimentary units
have been quantitatively approached (e.g. Waters et al. 1989; Cloyd and Demicco
1990; Adams and Grotzinger 1996; Della Porta et al. 2002; Adams et al. 2004, 2005;
Verwer et al. 2004).
This study combines a statistical approach of modified embedded Markov chain
analysis that evaluates presence of common ordering in lithofacies stacking (cf.
Lehrmann and Rankey 1999), with digitally acquired field data (RTK GPS), inte-
grated in a spatial documentation environment (cf. Verwer et al. 2007). The primary
purposes of this study are to gain a spatial quantification of carbonate depositional
facies mosaics, statistically investigate the patterns of facies architecture, and as-
sess their controlling factors by documenting outer-platform deposits exposed in a
seismic-scale undisturbed outcrop from the eastern High Atlas of Morocco (Djebel
Bou Dahar, DBD). The present study expands and discusses the sedimentological
interpretations proposed for DBD by previous authors (Kenter and Campbell 1991;
Scheibner and Reijmer 1999), and it provides a quantitative, modified, spatial model
of facies architecture of the shoal-barrier belt.
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Figure 6.1: a) Geological map showing major geologic provinces of Morocco (modified after
Warme 1988). The location of the Djebel Bou Dahar is indicated in the NE portion of the
High Atlas. b) Chronostratigraphic diagram of the Early and middle Jurassic central and
southern High Atlas carbonate platforms (modified after Crevello 1991).
6.2 Geologic setting
Along the southern margin of the High Atlas, Morocco (Fig. 6.1a), carbonate plat-
forms of early Jurassic age developed in an extensional basin the South Atlas Trough
related to Jurassic Tethyan rifting, (Warme 1988; Crevello 1990). During late Tri-
assic, rifting was time-equivalent with a global sea-level fall and was followed by
deposition of red-beds, evaporites and basalts (Agard and Du Dresnay 1965; Warme
1988). The early Jurassic (Hettangian?-early Sinemurian) was characterized by a
rapid relative rise in sea level that led to the formation of extensive shallow-water
carbonate ramps. During a phase of renewed rifting activity in the late Sinemurian,
the carbonate ramps were fragmented and evolved into a variety of high-relief carbon-
ate platforms with tectonic activity continuing during sedimentation in the Pliens-
bachian(Fig. 6.1b, Ellouz et al. 2003).
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The DBD is such a lower Jurassic (Pliensbachian), high-relief depositional sys-
tem with a steep (up to 25°) slope, a submerged reef at the platform margin and
a subtidal to intertidal shoal-barrier complex (Crevello 1990). The DBD outcrop
is remarkable for its continuity, nearly complete exhumed topography, and limited
post-depositional tectonic deformation (Fig. 6.2). Six stages of evolution with spe-
cific geometry and facies character were recognized in the DBD basin to platform
successions (Merino-Tome´ et al. 2007). From the Sinemurian (or as early as Het-
tangian) to the Pliensbachian, the DBD carbonate depositional system evolved from
a ramp depositional profile into a steep-flanked platform that nucleated around a
shallow-water or even emerged footwall uplift (Fig. 6.3a). In the late Pliensbachian
backstepping was eventually combined with high rates of vertical aggradation driven
by high rates of tectonic subsidence (Stage VI of Merino Tome´ et al. 2007). The
platform developed a relief of 500 m from the adjacent basin floor, with steep slopes
in the S, W and NW (Figs. 6.2, 6.3a). During the earliest Toarcian, the platform
drowned (Agard and du Dresnay 1965; Crevello 1990; Campbell and Stafleu 1992).
The drowning sequence was overlain by deep-marine limestone-marl alternations of
Toarcian to Bajocian age (Blomeier and Reijmer 1999; Elmi et al. 1999).
The margin to basin profile of the DBD was studied by Kenter and Campbell
(1991). They described a marginal zone with coralgal patch reefs and bivalve mud-
mounds adjacent to ooid sand shoals. No prominent reef had been identified at
the transition from slope to inner platform by Scheibner and Reijmer (1999) with
exception of a narrow zone of Lithiotis mud-mounds with some corals and sponges,
backed by ooid shoals. For the DBD and southern carbonate platforms in the High
Atlas, Crevello (1991) attributed the meter-scale platform-top vertical stacking to
orbital forcing (low-amplitude, high-frequency eustasy characteristic of greenhouse
periods) and subsidence. The cyclic stratigraphic hierarchy identified yielded cycle
ratio 20:5:1 with time-thickness (Fischer plots) and time-series analysis correspond-
ing to the Milankovitch band of short (100 ky) and long (400 ky) eccentricity and
precession (18-20 ky). Divergences from the ideal stacking pattern model were pro-
duced by subsidence and variation in long-term eccentricity, with cycle symmetry
controlled by local environmental conditions interfering with eustasy and subsidence
(Crevello, 1991).
6.3 Methods
6.4 Data collection
Two study areas of investigation (study area I and II; Figs. 6.2, 6.3) were selected
in the upper Pliensbachian outer-platform deposits on the basis of lateral continuity
of the outcrop and three-dimensional cuts through the stratal volume by present-
day gully systems. Within the study area I (latest Pliensbachian; 1200 m x 700 m
x 16 m; ∼350-400 m from the platform break), eleven stratigraphic sections were
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Figure 6.2: Aster satellite image draped over a digital elevation model showing the exhumed
topography and general depositional architecture of the DBD. Platform-top study areas
are shown; dashed line indicates location of cross section in Fig. 6.3a across study area I.
Study area II is located in the western part of the southern margin where platform strata
are exposed either because of failure of platform slope deposits or, most likely, due to
post-depositional activation of E-W trending normal faults.
measured (Figs. 6.3, 6.4) and complemented with two measured sections (K9 and
SC1) located nearly 500 m platformward and 300 m marginward, respectively. Study
area II (ten stratigraphic sections; Figs. 6.2, 6.4) is stratigraphically older (late
Pliensbachian) and provides a detailed 2D cross-section, nearly perpendicular to
the western margin, 550 m in length and 20 m in thickness with its westernmost
boundary located approximately 100 m from the platform break.
Interpretations of environments of deposition are based on field observations and
petrographic analysis. Diagenetic analysis was integrated with cathodoluminescence
(a cold stage cathode luminescence microscope operating at 10kV accelerating volt-
age, 200-300 µA beam current and a beam diameter of 4 mm) observation and
staining (alyzarine red and potassium ferrycyanide) of a selected number of thin
sections.
The acquisition of sedimentological data was simultaneously recorded on the out-
crop using quantitative field-methods (Fig. 6.3b) to achieve a digital outcrop model
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(cf. McCaffrey et al. 2005; Bellian et al. 2005; Verwer et al. 2007). Spatial point
data were measured in the field with a RTK GPS of Leica Geosystems (Leica SR530).
RTK-GPS is based on a normal global positioning system, but was corrected to 1
cm spatial resolution using a real-time base station. RTK-GPS allowed the collec-
tion of discrete point data, dimensions of geological elements and fault systems by
physically standing on the exposure or walking along a stratal contact with a rover
receiver. In study area I, a lidar system (Optech Inc.) was utilized to create a high-
resolution model of the outcrop to examine how discrete point data from RTK-GPS
follow outcrop morphology, and to obtain spatial data from remote locations. Multi-
scale observations were integrated while collecting sedimentologic and stratigraphic
data. Cumulative error in spatial positioning was in the order of 1-2 decimeters, and
derived from accuracy of the RTK-GPS system, satellite imagery and from merging
different data sets into one single coordinate system. RTK-GPS-traced stratal sur-
faces, faults, measured sections and horizons picked on lidar images together with a
Quickbird satellite image (resolution 0.70 m, DigitalGlobe) were loaded into Petrel
modeling software (Schlumberger Ltd.) to analyse the data in a spatial environment
(Fig. 6.3b). Correlations and measurements of lateral extension in study area I,
were locally obscured by the presence of numerous extensional faults and/or frac-
tures. Some of those show minor to zero vertical displacement, while others have
metrae-scale (or larger, unknown) offsets and might have been partly active during
sedimentation (Fig. 6.4). Such neptunian dikes were active not long after deposition,
at least before platform drowning, as confirmed by their sedimentary infill. Widths
of facies zones were extracted within the same fault-bounded block.
6.4.1 Markov Chain analysis
Intervals from the two study areas were analysed using both traditional embed-
ded and modified embedded Markov chain methods as proposed by Lehrmann and
Rankey (1999). Embedded Markov chain analysis is a technique that can be used
to determine whether the vertical succession of facies types within a stratigraphic
section exhibits non-random behavior. Specifically, Markov chain analysis addresses
the question of whether the frequency distributions of observed facies transitions
differ significantly from that of a strictly random succession. Embedded Markov
chain analysis is different from the normal analysis because it only considers tran-
sitions between mutually exclusive states (Davies 1986). The modified embedded
Markov chains method of Lehrmann and Rankey (1999) includes the occurrence of
stratigraphic significant surfaces in the transition frequency matrix, e.g. subaerial
exposures and transgressive surfaces to test how Markov chain analysis responds to
this incorporation. Secondly, the technique makes use of data on lateral facies di-
mensions to calculate the expected ”random” frequency matrix. This is based on the
proportions of occurrences of facies in lateral direction (cumulative length), rather
than determined from data in the actual vertical section. The null hypothesis of ran-
domness or independence is evaluated using a chi-square test where the actual facies
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transition matrix is compared against the expected frequency matrix for a random
succession. For this study all observations are digitally registered in the field using
RTK GPS. All vertical and lateral dimensional data derive from the spatial model
(Fig. 6.3).
Several authors have noted that Markov chain analysis will generally yield an or-
der verdict for long stratigraphic sections in which there is significant non-stationarity
in facies proportions (Doveton 1994; Wilkinson et al. 1997; Lehrmann and Gold-
hammer 1999). This non-stationarity is represented in carbonate platform strata as
long-term deepening and shallowing trends, usually encompassing tens or hundreds
of meters of vertical sections. Thus, the Markov chain analysis of a non-stationary
succession exhibiting disorder at the scale of meter-thick cycles has commonly yielded
an ordered Markov result because there is a larger-scale, systematic grouping of
subtidal-prone facies in a transgressive systems tracts and peritidal-prone facies in
a high-stand systems tracts (Lehrmann and Rankey 1999). At the DBD, large-scale
non-stationarity is manifested as the retrogradational-progradational facies patterns
of depositional sequences (e.g. in the Study Area II). In order to eliminate the influ-
ence of non-stationarity from our analysis we have chosen two narrow stratigraphic
windows that are contained entirely within one system tract.
6.5 Results
6.5.1 Lithofacies and environments of deposition
The outer-platform strata consist of five lithofacies associations (Tables 6.1, 6.2).
From the platform margin to the platform interior, the common lithofacies types
are: 1) a marginal lithofacies association (CPR); 2) peloidal skeletal grainstones-
packstones (PSG); 3) coated-grain grainstones-rudstones with high-angle cross-bedding
(CGG); 4) pisoidal-peloidal grainstones to rudstones with tepees, keystone vugs and
low-angle cross bedding (PPG), and 5) peloidal packstones with fenestrae (FPP).
Facies bodies form decimeter to metrae-thick packages with uniform thicknesses,
and are laterally continuous for several 100s to 2000 meters. Packages are bounded
by almost parallel stratigraphic surfaces that are usually well expressed in the out-
crop (Fig. 6.5). Internally packages contain complex spatial facies arrangements in
the lower part and more continuous and uniform PSG lithofacies in the uppermost
part. PSG intervals usually show increasing fenestral porosity towards the top of
the interval. Subaerial exposure features, when clearly developed, occur at the top
of the packages.
126
Lower Jurassic carbonate barrier-shoal facies mosaic
0
50
10
0
5
 m
5
0
0
 m
05
1
0
1
5
2
0
B
N
T
2
1
B
N
T
2
0
B
N
T
2
8
B
N
T
1
2
B
N
T
2
6
B
N
T
2
7
B
N
T
2
5
B
N
T
2
4
-2
9
B
N
T
0
-C
1
B
N
T
2
2
-3
0
0
50
10
0
5
3
0
 m
5
 m
S
tu
d
y
 A
re
a
 I
S
tu
d
y
 A
re
a
 I
I
K
8
K
3
K
2
K
1
K
5
K
4
K
7
K
6
S
N
W
E
A B
P
el
oi
da
l s
ke
le
ta
l g
ra
in
st
on
e 
to
 p
ac
ks
to
ne
 fr
om
 
op
en
 m
ar
in
e 
- 
m
ar
gi
nw
ar
d 
of
 b
ar
rie
r-
sh
oa
l 
co
m
pl
ex
 -
 to
 r
es
tr
ic
te
d 
pl
at
fo
rm
w
ar
d 
(P
S
G
)
F
en
es
tr
al
 p
el
oi
da
l p
ac
ks
to
ne
 (
F
P
P
)
P
is
oi
da
l p
el
oi
da
l g
ra
in
st
on
e-
pa
ck
st
on
e 
w
ith
 s
he
et
 c
ra
ck
s 
an
d 
te
pe
es
 (
P
P
G
)
C
oa
te
d 
gr
ai
n 
gr
ai
ns
to
ne
 (
C
G
G
)
M
ar
gi
na
l f
ac
ie
s 
as
so
ci
at
io
n 
w
ith
 c
or
al
 c
ol
on
ie
s,
 
co
at
ed
 g
ra
in
 g
ra
in
st
on
es
, l
ith
io
tid
 a
cc
um
ul
at
io
ns
 
an
d 
sk
el
et
al
 p
ac
ks
to
ne
s 
D
G
P
S
 tr
ac
ed
 s
tr
at
al
 s
ur
fa
ce
s
P
is
oi
da
l p
el
oi
da
l g
ra
in
st
on
e,
 lo
w
-a
ng
le
 c
ro
ss
-b
ed
di
ng
 tr
an
si
tio
na
l 
be
tw
ee
n 
ac
tiv
e 
sa
nd
 b
el
t a
nd
 s
up
ra
tid
al
 (
P
P
G
)
C
G
G
 a
ffe
ct
ed
 b
y 
m
et
eo
ric
 
di
ag
en
es
is
 in
 S
tu
dy
 a
re
a 
II
In
 lo
gs
: P
S
G
 tr
an
si
tio
na
l t
o 
lo
w
er
 in
te
rt
id
al
Li
da
r 
tr
ac
ed
 s
tr
at
al
 s
ur
fa
ce
s
E
vi
de
nc
e 
of
 m
et
eo
ric
 d
ia
ge
ne
si
s
Te
pe
es
 a
nd
 s
he
et
 c
ra
ck
s
C
ro
ss
 b
ed
di
ng
F
ig
u
re
6
.4
:
C
o
rr
el
a
ti
o
n
d
ia
g
ra
m
s
o
f
st
u
d
y
a
re
a
I
(a
)
a
n
d
II
(b
)
sh
ow
in
g
m
ea
su
re
d
st
ra
ti
g
ra
p
h
ic
lo
g
s,
li
th
o
fa
ci
es
co
rr
el
a
ti
o
n
,
R
T
K
G
P
S
tr
a
ce
d
st
ra
ta
l
su
rf
a
ce
s,
fa
ci
es
a
rc
h
it
ec
tu
re
a
n
d
g
eo
m
et
ry
o
f
th
e
se
d
im
en
ta
ry
b
o
d
ie
s.
127
Chapter 6
Peloidal skeletal grainstone to packstone 
from open marine - marginward of 
barrier-shoal complex - to restricted 
platformward (PSG)
PSG transitional from subtidal to lower 
intertidal
Tepees and sheet cracks
Cross bedding
Fenestral peloidal packstone (FPP)
Pisoidal peloidal grainstone-packstone 
with sheet cracks and tepees (PPG)
Coated grain grainstone (CGG)
Evidence of meteoric diagenesis1m
0
A: Section P2 (Study area I)
B: BNT27 (Study area II)
0 5 m
0 5 m
Figure 6.5: a) Outcrop photos and lithofacies tracing in the gully P1-P3 of the study area I,
showing section P2. b) Outcrop image and lithofacies tracing in study area II, proximity of
section BNT 27, showing the deposition of the lagoonal facies PSG following the migration
of the bar CGG. The tidal flat facies overlies the subaerially exposed top of CGG and the
filled restricted lagoon.
6.5.2 Coated-grain to skeletal grainstone/ Packstone and Rud-
stone (CPR)
Lithology
Three lithofacies types characterize the outermost platform, a 50-600 m wide zone
from the platform break, but could not be isolated in individual sedimentary units
due to lateral interfingering and lack of well-developed bedding: 1) Grainstones and
rudstones with coated grains and locally planar cross-bedding dipping basinward.
2) Colonies of branching and fasciculate corals and stromatoporoids surrounded by
grain- to packstones and rudstones of coated grains and skeletal fragments (Fig.
6.6a). Peloidal wackestone to packstone may fill the inter-corallite space. 3) Several
metrae wide accumulations of lithiotids (Fig. 6.6b), which are surrounded by peloidal
packstones to wackestones. Sparse lithiotids can occur in areas dominated by corals
and grainstones, but they generally are abundant in patches platformward of the
coral dominated lithofacies.
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At the outermost platform, lithofacies are indicative of subtidal, moderate to high-
energy coral and stromatoporoids patch reefs surrounded by grainstone shoals (cf.
Kenter and Campbell 1991). Scheibner and Reijmer (1999), in contrast, addressed
the lithiotid banks as the actual reef located in the zone of wave activity. The genus
Lithioperna scutata, dominant in the DBD, is attributed to low-energy lagoon to
high-energy outer platform settings in back-reef areas, whereas the genera Lithiotis
and Cochlearites are known to have constructed wave-resistant build-ups (Fraser
et al. 2004). The abundance of the genus Lithioperna scutata, the predominant
packstone texture surrounding the shells and their spatial location support the in-
terpretation that the lithiotid bioherms and biostromes in the DBD developed in
protected areas behind the coral colonies and coated-grain sand bodies.
6.5.3 Peloidal-Skeletal Grainstone-packstone with molluscs,
calcareous algae and foraminifers (PSG)
Lithology
Fine sand-sized to bimodal peloidal, locally bioturbated, skeletal grainstones to pack-
stones, including beds of grainstone to packstone rich in oncoids (Fig. 6.6cd) that
become more abundant marginward. Skeletal grains vary from abundant to very
rare with increasing distance from the platform margin (Fig. 6.6c to h). The top
of PSG units can show irregular voids and fenestrae, local meniscus and pendant
cement, vadose compaction and a sharp irregularly eroded surface with truncation
of the beds (Fig. 6.7a).
Depositional environment
Facies PSG represents deposition in subtidal, low to moderate energy settings rang-
ing from open marine in the outermost platform (marginward of the study areas
I and II; Fig. 6.4), to restricted lagoon (platformward of the central part of the
study areas I and II nearly 600 m from the platform margin; Fig. 6.4). The change
into restricted conditions toward the platform interior is confirmed by the decrease
in skeletal fragments and bioturbation. The scarcity of biota in PSG may also be
attributed to taphonomic causes, i.e. non-preservation of the aragonitic skeletal
components, as suggested by the large irregular voids, from low-energy sea floor be-
cause of rapid dissolution of gastropods and bivalves within the first decimeter of
buried sediment (cf. Sanders 2003; Wright et al. 2003). The abundance of Cayeuxia,
Thaumatoporella, clotted peloidal micrite between grains, meniscus micrite (cf. Hill-
ga¨rtner et al. 2001) and laminated peloidal-micrite encrustations around grains
indicate that this shallow-water environment was prone to the precipitation induced
by micro-organisms and calcified cyanobacteria.
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Facies PSG eventually graded into intertidal settings because of filling up the
available accommodation space and/or sea level fall (Fig. 6.4) or it was periodically
exposed to erosion and dissolution in subaerial conditions
6.5.4 Coated Grain Grainstone-rudstone with high angle pla-
nar foresets (CGG)
Lithology
Coated-grain rudstones and grainstones formed decimeter to metrae-scale lenticular
sedimentary bodies (Fig. 6.7b, Table 6.2). Beds display planar to tangential cross-
lamination and cross bedding with foreset dips (5 to 15°) both towards platform
interior and marginward (Fig. 6.7c). These grainstones/rudstones (Fig. 6.7b, d,
e) have centimeter-thick intercalations of dark gray packstone/wackestone to fine-
grained peloidal packstone/grainstone, rarely associated with millimeter-thick lam-
inated stromatolites (Fig. 6.7f). CGG units pinch out and locally interfinger with
the PSG, can be overlain by PPG (Figs. 6.4, 6.5) and overly truncated and eroded
PSG (Fig. 6.7a) and FPP.
Coated grains include cortoids and oncoids, and rare pisoids and ooids (Fig.
6.7d to H). Nuclei of coated grains are commonly skeletal grains and intraclasts
(Fig. 6.7g) belonging to PSG, FPP and PPG lithofacies types; some intraclasts
show drip-stone cement, dissolution vugs, and iron oxide concentrations indicative
of meteoric alteration. Figure 6.7e to h show the impact of diagenetic alteration on
sediment texture and packing.
Depositional environment
The CGG facies is interpreted as deposited in high-energy conditions above effective
wave base, mostly subtidal, but eventually reaching intertidal to supratidal zone,
when overlain by facies PPG, or being subaerially exposed (Figs. 6.4, 6.5). CGG
represents a gravel to coarse-sand marine sand belt, striking parallel to the margin.
The nuclei for the coated grains derived from skeletal fragments and intraclasts, from
subtidal to intertidal deposits affected by subaerial exposures, pisoids and ooids
reworked from high energy, shallow subtidal marginal facies and intertidal areas
(PPG). Cathodoluminescence microscopy shows isopachous non-luminescent cement
rims that formed in an oxygenated marine phreatic environment, whereas the bright
luminescent scalenohedral overgrowth on the radiaxial fibrous cement might indicate
increase in Mn2+ content due to increasing reducing conditions during early burial
(Miller 1988). The paragenesis of CGG in the study area I suggests that diagenesis
in a meteoric vadose environment was followed by a renewed marine diagenesis (Fig.
6.7h). The infill of red silt in the study area II can be interpreted as terra rossa that
is considered a product of pedogenic processes and subaerial dissolution of limestone
(Assereto and Folk 1980).
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The coarse marine sand belt must have included several sub-environments such
as a) spillover lobes directed onto the platform, b) tidal channels, c) tidal deltas,
d) supratidal and subaerial settings in the areas in which the bars had filled up
the available accommodation space (Fig. 6.4a). These adjacent depositional zones
are comparable to ooidal shoals in modern carbonate settings such as the Bahamas
(Harris 1983; Gonzalez and Eberli 1997; Rankey et al. 2006). Important differences
are: a) the grain composition of gravel-size, micrite-coated grains vs. sand-sized
ooids, and b) the dimensions of the bars and spillover lobes. The CCG belt is 200-
400 m wide (perpendicular to margin) and discontinuous at distances of 380-430 m
(parallel to the margin). Holocene marine sand belts, such as Cat Cay (leeward
marine sand belt on Great Bahama Bank), are in the order of 1.6 km wide or Lily
Bank, windward on LBB, 4 km wide and 27 km long (Ball 1967).
6.5.5 Pisoid-Peloidal Grainstone-rudstone-packstone with te-
pees and low angle cross lamination (PPG)
Lithology
Lithofacies PPG consists of pisoid-peloidal grainstone-rudstone to packstone and
rare ooidal grainstone (Fig. 6.8b to d) characterized by a) local low-angle cross bed-
ding, b) centimeter thick peloidal packstone/wackestone intercalations (Fig. 6.8d,
e), c) keystone vugs (Fig. 6.8f, g), d) displaced beds, tepees and sheet cracks (study
Figure 6.6 (facing page): ⇐= Photomicrographs and outcrop photos of low-energy sub-
tidal facies including outer platform, open-marine marginal facies and platform interior,
open marine to restricted skeletal peloidal packstone (PSG). a) Poorly sorted, coated-grain
grainstone to rudstone containing abundant crinoids (white arrow), surrounding colonies
of branching corals (C); size 0.1-1 m up to several meters) and stromatoporoid sponges
(S; size between 10-80 cm. b) Marginal facies with lithiotids (size from 10 cm to 20 cm)
surrounded by a peloidal coated-grain packstone. c) Open marine subtidal facies PSG in
the outer platform consists of peloidal grain- to packstone with dasycladacean algae such as
Palaeodasycladus mediterraneous (white arrow). Peloids are generally bound by thin mi-
critic crusts showing meniscus fabric. This is followed by a 200-500 µm thin rim of fibrous
cement and blocky sparite that occlude the interparticle porosity. d) Oncoidal rudstones to
packstones charcaterize facies PSG in the outer platform and within channels cutting the
barrier complex. Oncoid nuclei are biota such as corals, crinoids, bivalve and gastropod
shells. e) PSG in the outer platform contains peloidal packstone with chaetetid sponges. f)
The low-energy PSG lagoon typically consists of peloidal grainstone to packstone contain-
ing Cayeuxia (white arrow) and Thaumatoporella parvovesiculifera (black arrow). Peloids
are bound by thin 100-300 µm rims of fibrous cement followed by blocky sparite. g)
PSG peloidal packstone-grainstone of the restricted facies containing exclusively Thau-
matoporella parvovesiculifera. h) PSG peloidal packstone with rare foraminifers belonging
to the genera Labyrinthina (white arrow) usually associated with Siphovalvulina, Mayncina
and Haurania.
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area I; Fig. 6.8h, 6.9a to c), e) stromatolite and microcolumnar microbialite drapes
following the development of buckled mega-polygons and preceding the precipita-
tion of marine cement (Fig. 6.9d). Cement phases include thin isopachous rims
of fibrous inclusion-rich cement; radial fibrous cement and blocky sparite; meniscus
micrite and pendant cement are locally present.
Depositional environment
Facies PPG developed in shallow high- to moderate energy, intertidal and supratidal
settings ranging from foreshore to backshore, as indicated by the low angle cross-
bedding and intervals with tepees, sheet cracks and local vadose diagenesis (Shinn
1983). Marine cementation agrees with intertidal, and supratidal sites of widespread
Figure 6.7 (facing page): ⇐= Photomicrographs and outcrop photos of the marine sand belt
(CGG). a) Outcrop photo of the contact between the underlying lithofacies PSG affected
by dissolution and formation of vertical cavities, and the overlying, poorly-sorted coated-
grain rudstone infilling the karstic dissolution vugs. This irregular contact (indicated with
a dashed black line) testifies the subaerial exposure of the subtidal open marine lithofacies
PSG, followed by renewed high-energy marine conditions (CGG). This type of contact is
typically present at the marginward termination of the CGG lenticular sand bodies. b)
Outcrop photo of the coated-grain grainstone-rudstone, poorly to moderately sorted, with
predominant open marine biota as nuclei of coated grains (crinoid -white arrows-, coral
fragments and intraclasts). c) Outcrop photo of CGG showing 15 cm to 40 cm thick beds
with planar cross bedding (dashed line) and the sharp contact with PSG (continuous line).
d) Polished slab of well sorted CGG rudstone to grainstone with coated grains bound by
isopachous rims of fibrous cement (white arrow). Remaining pore space is occluded by
transparent blocky sparite. Nuclei are crinoids, coral and Cayeuxia fragments and in-
traclasts. e) Coated grain rudstone containing oncoids and cortoids with Cayeuxia (C),
solenoporacean algae (S), gastropods (G) and bivalve (B) as nuclei. Note the 0.5-1 mm
thick isopachous rims of radial fibrous cement (black arrow). The early marine cement pre-
cipitation is preceded by a rim of peloidal micrite (white arrow) of possible microbial origin
and with grain-binding meniscus habit. The occlusion of the interparticle pore space is due
to blocky sparite of early burial diagenesis. f) Photomicrograph showing the sharp contact
between coated-grain rudstone of CGG and the peloidal aggregate-grain grainstones, which
form the decimeter intercalations within the CGG sand bodies. The contact is marked by a
2-5 mm thick peloidal packstone crust of possible microbial origin. g) Photomicrograph of
an intraclast of peloidal-pisoidal packstone-grainstone with a thin rim of micrite partly due
to boring/encrustation (micritisation) and partly to coated (cortoid). h) Photomicrograph
showing the grainstone with cortoids, peloids and oncoids with a complex paragenesis: 1) a
first generation of isopachous marine fibrous cement rims partly dissolved, likely in meteoric
vadose conditions, 2) corrosion event was followed by microspar and micrite precipitation
surrounding grains as meniscus cement, 3) vadose cement was followed by radiaxial fi-
brous cement in renewed marine conditions, 4) finally clear mosaics of blocky sparite were
precipitated in early burial conditions.
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synsedimentary cementation due to water supersaturation promoted by degassing,
agitation and evaporation. Pisoids can form in several shallow marine and freshwater
environments both in phreatic and vadose environments (Esteban and Pray 1983).
The sparse ooids are attributed to low energy superficial ooids (Flu¨gel 1982, 2004)
and might be the result of precipitation in tidal deltas, intertidal beach environments,
or at the margin of the lagoon, due to hypersalinity of seawater in arid climate (cf.
Loreau and Purser 1973). The infilling by red silt is indicative of prolonged periods
of subaerial exposure and soil formation as for the laminated terra rossa in Ladinian
peritidal cycles with tepees (Calcare Rosso, Southern Alps; Assereto and Folk 1980;
Mutti 1994).
Tepees are common in marine vadose fenestral and pisolitic limestones deposited
in the intertidal and supratidal zones in tropical and subtropical climate, generally
in backshore or back-barrier depositional zones (Assereto and Kendall 1971, 1977;
Alsharhan and Kendall 2003). Those observed in the DBD correspond to peritidal
tepees characterized by fenestral, pisolitic and laminar algal fabrics that occur where
the marine phreatic lens is close to the sediment surface in tropical climate. Burri et
al. (1973), for the lower Jurassic in SE Morocco, concluded that the tepee structures
were confined to coarse grained, early lithified beaches. Burgess and Lee (1978) and
Burgess (1979) attributed the fenestral fabric, fractured crusts and pisolites, of the
Figure 6.8 (facing page): ⇐=a) Outcrop photo of the top of the CGG bars in the study area
II where intense alteration in a terrestrial environment is indicative of subaerial exposure
of the CGG bars: brecciation of beds and infilling with red silt of probable wind-blow
or soil origin. b) PPG pisoidal peloidal grainstone with horizontally elongated keystone
vugs (white arrow) associated to mm- to sub-mm size irregular vugs. Bimodal grain size
distribution within two classes: 100-300 µm size peloids and 500 µm to 2-3 mm large pisoids.
The large pisoids (black arrow) show dissolution and replacement by blocky spar of the zone
between the nucleus and the last micritic laminae; this might indicate presence of aragonite
precipitation that had been rapidly replaced. c) Photomicrograph of poorly-sorted PPG
grainstone with peloids, ooids, pisoids and coated and broken intraclasts of a similar facies.
100-300 µm thick rims of fibrous cement are indicative of agitation and rapid early marine
cementation possibly in a beach setting. d) Pisoidal-peloidal-ooidal grainstone overlying
peloidal laminated stromatolites and peloidal packstone. Ooids are rare, less than 500 µm
in size with thin radial coatings (up to 150 µm), and have peloids as nuclei. Locally the
intertidal environment reached sufficient agitation (foreshore) and supersaturation due to
high salinity for the formation of ooids. e) Photomicrograph of pisoidal peloidal packstone
with thin cortex ooids, meniscus micritic cement (black arrow) and horizontal micritic crusts
(white arrow). f) Photomicrograph of bimodal peloidal-pisoidal packstone-grainstone with
coated and micritized grains, pisoids, gastropods and keystone vugs lined scarcely by 0.5
mm fibrous cement and occluded by blocky sparite. g) Photomicrograph of red coloured
bimodal peloidal-pisoidal packstone with mm-size keystone vugs and interparticle pores
filled by red silt of terrestrial origin followed by blocky burial sparite. h) Outcrop photo
showing a tepee structure (hammer height 25 cm).
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Central High Atlas lower Jurassic, to intertidal to supratidal environments in arid
and hypersaline conditions similar to those described by Purser and Loreau (1973)
from the Persian Gulf.
6.5.6 Fenestral Peloidal Packstone (FPP)
Lithology
Lithofacies FPP consists of peloidal packstones (Fig. 6.9e, f) almost devoid of bio-
clasts and characterized by common elongated sub-horizontal to oblique fenestrae,
horizontal sheet cracks, polygonal cracks and layers of laminated stromatolites and
microcolumnar microbialites (Fig. 6.9d).
Fenestral voids are filled by cement (isopachous rims of fibrous inclusion-rich ce-
ment and blocky spar), by homogeneous or peloidal micrite, or red silt/clay geopetal
sediment that postponed the first phase of cement rims. The top of FPP can be an
irregular surface at the decimeter scale truncated and overlain either by deposits of
facies CGG (Fig. 6.9g) or PSG (Fig. 6.9h).
Figure 6.9 (facing page): ⇐=Outcrop photos and photomicrographs of the protected tidal
flat facies with fenestral packstone, sheet cracks and tepees (FPP). a) Outcrop photos of
sheet cracked and buckled fenestral-peloidal packstone. Cracks are filled by micrite and
locally encrusted by stromatolites. b) Peloidal grainstone-packstone with fenestrae (filled
by rims of fibrous cement and blocky sparite) overlying micro-digitate and massive mi-
crobialites developing in sheet cracks, filled by early marine radiaxial fibrous cement. c)
Cracked peloidal-pisoidal packstone with intraclasts. The crack is filled by peloidal micrite.
d) Microcolumnar and dendritic microbialites intercalating with the pisoidal packstone
(PPG) and fenestral packstone (FPP) and draping the bed surface or developing within
sheet cracks. e) Photomicrograph of peloidal packstone with abundant mm-size elongated
fenestrae filled by burial blocky sparite. In this case the fenestrae are laterally connected,
possibly enlarged by dissolution and the deposit was not cemented in a renewed marine
environment. Porosity was 10-20%, and remained open until the burial precipitation of
blocky cement. f) In contrast with Fig. 6.10e, the fenestral peloidal packstone can show
vertically elongated irregular fenestrae that are first filled by isopachous rims of fibrous
cement, followed by a micritic geopetal filling and final blocky cement. g) Outcrop photo
showing the sharp contact (dashed line) between the underlying truncated and eroded fen-
estral packstone (FPP) and the overlying CGG coated-grain rudstone that represent the
re-establishment of high-energy fully-marine conditions overlying the supratidal setting. h)
Photomicrograph of the sharp contact (dashed line) between the fenestral-peloidal pack-
stone (FPP), truncated and overlain by the peloidal packstone of PSG facies indicative of
re-establishment of low-energy subtidal conditions over a supratidal deposit.
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The sedimentary structures observed in facies FPP are common in upper intertidal
and supratidal protected zones (Shinn 1983; Tucker and Wright 1990; Flu¨gel 2004).
Fenestrae are attributed to desiccation and shrinkage or air and gas bubble forma-
tion, but they also occur with stromatolites and might form by the irregular growth
process of the microbial mats oxidation of organic matters. The red/brown color and
the red silt geopetal infill indicate abundance of iron hydroxides likely of terrestrial
origin during prolonged subaerial exposure events.
6.6 Lateral and vertical facies patterns
6.6.1 Depositional model
The DBD outer-platform consisted of facies zones that are arranged parallel to the
margin (Fig. 6.10).
In order of basin-to-interiorward these are: 1) The marginal facies association
(CPR) occurred between the platform break and 200-300 m platformward (Fig.
6.10); in some occasions it extended up to 630 m from platform break (Fig. 6.4b),
during pronounced retrogradational trends. 2) Behind the marginal zone, peloidal-
skeletal grainstones-packstones (PSG) were deposited in a subtidal, open marine
setting in lower energy conditions and possibly in subtidal channels. 3) The grad-
ual landward shallowing of the substrate allowed the establishment of high-energy
conditions with development of a marine sand belt of gravel and coarse-sand coated
grains; dunes were moved by tidal currents and waves and extended from 200 m from
the platform break to nearly 600-1000 m inward (CGG; Fig. 6.11). 4) Pisoid-peloidal
grainstone-packstone and rudstone with tepees (PPG) represented high-energy in-
tertidal foreshore and supratidal backshore settings, which formed when the coarse
grained bars of CGG filled up the accommodation space. Facies PPG identified
an intertidal-supratidal barrier complex that must have had a meter-scale relief on
the seafloor and extended on the platformward side of the marine sand belt (Fig.
6.11). 5) Peloidal packstones with fenestrae (FPP) were deposited in the intertidal
to supratital protected zone, platformward of the barrier complex. 6) In the plat-
form interior behind the barrier complex (1140 m from the margin for study area
I and 600 m for study area II), the subtidal PSG facies was deposited in protected
lagoons prone to restriction.
The platformward extension of the shoal-barrier complex (CGG-PPG) in study
area I was wider (420 m) than in study area II (350-380 m) with a predominance of
intertidal and supratidal facies between 720 m and 1140 m from the margin. In study
area II, the CGG bars were active in a mostly subtidal to intertidal environment; a
supratidal tepee zone was not identified and the CGG bars were instead capped by
subaerial exposures rather than accreting into supratidal conditions as in study area
I. In study area I, the presence of tidal inlets cutting through the gravel-sand bars
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Figure 6.10: Sedimentological model of outer-platform barrier-shoal complex for the
youngest stage of the DBD (late Pliensbachian).
and spillover lobes (Fig. 6.10) is suggested by open marine subtidal facies (PSG) and
cross-bedded rudstone-grainstone (CGG) extending platformward up to at least 850
m (sections P1-P3; Figs. 6.3, 6.5a, 6.11a). The fenestral packstones (FPP) increase
in frequency and thickness platformward of the CGG-PPG barrier (Fig. 6.11), as
observed in modern settings where muddy tidal flats develop on the lee side of islands
or shoals (Pratt et al. 1992). Peloids and carbonate mud produced in the lagoon
were likely accumulated towards the interior shoreline, on the platform-side of the
barrier.
6.6.2 Barrier-shoal complex facies mosaic
The outer-platform area is characterized by lateral variations between subtidal to
supratidal lithofacies at spacings of a few hundred meters (Figs. 6.12, 6.13). Maps of
facies distribution extracted from field data of inferred equivalent time-slices (study
area I; Fig. 6.13) show how spatial complexity varied laterally during high-frequency
creation, filling and destruction of accommodation space. The lateral changes are
reflected in the vertical rhythmic superposition of lithofacies forming metrae-scale
packages (Fig. 6.12) with both shallowing (asymmetrical) or deepening-shallowing
(symmetrical) trends. Packages have an approximately tabular geometry, with thick-
ness ranging from <1 m to 1.5 m (study area I) and to 2 m (study area II; Table
6.2).
The vertical lithofacies stacking is marked by surfaces indicative of (Figs. 6.4,
6.12). 1) renewed establishment of subtidal open marine conditions (transgressive
surface, TRG) with high-energy (CGG) or low-energy (PSG) subtidal unit overlying
intertidal or supratidal deposits (PPG or FPP); 2) subaerial exposure and erosion
(exposure surface, EXP), occurring between different lithologies, e.g. where PSG,
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PPG or FPP are overlain by CGG, or within the same CGG facies (Fig. 6.4b); 3)
infill of the subtidal lagoon (surface of filled accommodation, SFA), expressed on
the outcrop as horizontal top of PSG showing a transition into intertidal condition,
overlain by FPP or PPG. The top of the subtidal facies PSG toward the platform
margin was locally affected by karstic dissolution and overlain by CGG (Figs. 6.4
to 6.6) with juxtaposition between the three surface types.
Despite the observed heterogeneity, the vertical stacking of facies is characterized
by the following documented typical successions (the numbers in the following section
refer to particular juxtaposition situations in Fig. 6.12): 1) Transgressive subtidal
deposits (CGG, PSG) sharply overly subaerial exposure horizons and/or supratidal
facies. The CGG bars could nucleate if abundant gravel and coarse-sand coated
grains were sourced by the subtidal skeletal fragments and by intraclasts derived by
submarine (wave, storms) and subaerial erosion of previously deposited facies. The
bar migration formed a metrae-scale depositional relief that controlled the deposition
of the low-energy facies. 2) Bar migration came to a halt either when the accommo-
dation space was filled up reaching intertidal-supratidal conditions (PPG), or due
to subaerial exposure, or simply by autocyclic processes. Laterally, the adjacent
lagoonal accommodation space might have been unfilled. 3) The accumulation of
the restricted lagoon sediments occurred a) synchronously, in lateral adjacent areas
under different local energy regimes, or b) in the underfilled available space adja-
cent to CCG bars followed the cease of bar growth and took place at much lower
energy levels controlled by the shoal-barrier relief acting as a barrier (Fig. 6.5). The
difference in depositional relief between the CGG bars and PSG lagoon was leveled
by the subsequent PSG deposits filling up the accommodation space that remained
available. 4) The peloidal sediment produced in the restricted lagoon sourced the
fenestral intertidal facies that could be accumulated against the protected side of the
barrier-shoal complex. 5) In the platform interior, several repetitions of low-energy
subtidal deposits (PSG), vertically commonly grading into intertidal and supratidal
fenestral-peloidal packstone (FPP), are equivalent to one whole cycle in the outer
platform (Fig. 6.13). 6) In study area II (Figs. 6.4b, 6.12b), towards the platform
interior a reduced number of subtidal/intertidal transitions is recorded (PSG-FPP
transitions). This results from the lateral pinch out (towards the platform interior)
of intertidal-supratidal intervals. The FPP intertidal-supratidal deposition could
extend across the outer platform only in absence of a renewed rapid creation of ac-
commodation space and when the subtidal deposition had filled up the depositional
relief created by the previous CGG bars. 7) A subsequent event of rapid creation of
accommodation space could re-establish the conditions for the growth of the bars.
In correspondence of the greatest relief created by the barrier-shoal complex, depo-
sition could persist as supratidal showing a lower part of the vertical succession with
intertidal sediments (PPG, FPP). In addition, compaction of the subtidal sediments
rich in mud in the platform interior might have enhanced this relief. Following, these
were flooded by subtidal low-energy deposits and, in turn, change into the intertidal
setting when the subtidal lagoon became filled up (symmetrical packages; Fig. 6.13a
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to c).
The comparison between the two study areas indicates that: a) the intertidal-
supratidal pisoidal grainstones with tepees (PPG) were rarely developed in study
area II; b) in study area II, the CGG bars rarely grew into the supratidal zone
and were terminated by subaerial exposure that had eventually affected also the
subtidal facies on the marginward side; c) in the study area I, low-energy subtidal
conditions (PSG) were periodically established across the whole window flooding the
barrier-shoal complex, possibly due to high creation of accommodation space (Fig.
6.13b).
These differences between the two study areas argue for a control by external
factors. This could be attributed to changes in rhythmic vertical stacking due to a
change in character of high-frequency eustatic sea-level fluctuations, or to a change
in regime of tectonic subsidence. These would explain the difference between a) the
well-developed subaerial exposure of subtidal facies in study area II, and the only
limited recognition of exposure evidence in study area I, and, b) rapid creation of
accommodation space that temporary drowned the barrier complex in study area
I. Different subsidence rates might influence the expression of subaerial exposures
and patterns of accommodation creation and destruction in concert with eustatic
sea level. It should also be noted that strata of study area II are a few hundred
meters closer to the platform break than study area I, and therefore has probably
been deeper-water and more exposed to higher hydrodynamic agitated environments.
This could explain the predominance of high-energy subtidal facies in study area II
versus both high-energy subtidal and intertidal-supratidal tepee dominated facies in
study area I.
Statistical analyzes
The statistical analysis of individual sections, based on both normal and modified
embedded Markov chain analysis, yielded that none of the individual stratigraphic
sections allowed rejection of the null hypothesis of random facies arrangement, at
the 95% confidence interval.
The fact that individual sections do not reveal any order may stem from the fact
that these might be too thin to provide the sufficient number of counts (n=between
11 and 40) for the validity of the chi-squared test (cf. Lumsden 1971; Ethier 1975).
A minimum count in each cell of the expected frequency matrix is required for
validity of the test, usually a count of 5 per cell is considered desirable. Lumsden
(1971) has been concerned with this problem, and suggests as a rough guide that
the total number of counts should be at least ten times the number of cells; that is,
5 lithofacies types require 25 cells and 250 transitions.
To overcome this, composite sections were calculated for each category of anal-
ysis by summing the transition frequency matrices of the individual sections. The
creation of the composite matrices allowed the establishment of a statistically stable
number of counts for the assessment of randomness with the chi-square test. When
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Figure 6.12: Diagrams showing the lithofacies architecture for study area I (a) and II (b).
summing transition frequency matrices, several considerations have to be taken into
account. The system to be analyzed should be stationary. Spatially disconnected
vertical sections might be dissimilar (in terms of facies) in such way that these cannot
be summed. Also sections belonging to different time intervals cannot be summed
as it is difficult to appreciate if long-term depositional changes are present and affect
vertical stacking. If the conditions above are met, the transition frequency matrices
can be summed to test for preference in vertical stacking. This is supported by the
fact that if ”ordered” sections are summed with ”ordered” sections the verdict of or-
der will remain; if ”ordered” and ”unordered” sections are summed the indication of
verdict order will decrease as would be expected. Summing two ”unordered” sections
will not change the earlier verdicts. The analysis on the composite sections resulted
in rejecting the null hypothesis of randomness for study area 1, indicating order, and
barely non-rejecting for study area 2, indicating non-order (Fig. 6.14a).
Lehrmann and Rankey (1999) have noted that the Markov chain analysis based
on 1D data of vertical facies succession often shows disorder but that the analysis can
be improved by incorporating stratigraphically significant surfaces. Such surfaces
were here included by assigning them a facies code and incorporating them in the
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Markov chain analysis. Two types of surfaces were identified in the field: 1) exposure
surfaces, where clear indication of subearial alteration was recognized in the field
(EXP), 2) continuous planar surfaces representing top of lagoonal intervals (SFA).
When the analysis included such significant stratigraphic surfaces (EXP, SFA), it
allowed the rejection of the null hypothesis of randomness for both surfaces EXP
and SFA, in both study area I and II (Fig. 6.14a). The incorporation of these surfaces
increased the chi-square values by 219 and 121% for EXP and SFA respectively for
Study area I, and 585 and 340% for Study area II.
The progressive addition of two-dimensional stratigraphic data on facies bodies
to the analysis is also suggested to significantly improve the evaluation of ordering in
vertical successions (cf. Lehrmann and Rankey 1999). This concept is based on the
idea that the probability that a given facies will transition into another specific facies
is dependent not only on the number of occurrences of those two facies, but also on
their lateral extent. Given similar number of occurrences of facies bodies, the facies
with greater lateral extents will have a higher probability of transition (contact) than
facies with smaller lateral extent. Therefore, the test matrix of expected (random)
probabilities is calculated from the ratio of the cumulative length of a given facies
to the cumulative length of all facies. The cumulative length incorporates both the
frequency of occurrence of a given facies type as well as its lateral extent. When
carried out, the 2D modified Markov chains yielded an increase in chi-square value
of 968 and 429% for Study area I and II, respectively (Fig. 6.14a).
Finally, the analysis was performed considering both stratigraphic significant
surfaces, and incorporating lateral dimension data on facies bodies (see Table 6.2).
Now, the chi-squared values increased by 295 and 1545% for EXP and TSA for
Study area I, respectively; and 1273 and 1468% for Study Area II, respectively (Fig.
6.14a).
From the evaluation of the chi-squared matrix several possible solutions of statis-
tical significant ”common order”, or preferential vertical stacking, can be identified
that correspond to the actual variations in superposition observed in the correlation
diagrams (Lehrmann and Rankey 1999). The matrix in Fig. 6.14b shows the differ-
ence between actual facies transition frequencies and those expected from a random
distribution. Deviations from the random matrix (values larger than 3, bolded)
show that such transitions occur statistically abnormally, and indicate the most
”common order” present. Potential most ”common order” includes PSG-EXP/SFA-
(FPP)-CGG-PPG-FPP. Variations to this ”common order” transitions are possible
in absence of one of the facies types. The fact that time-equivalent, lateral, sub-
environments exist, creates ”loops” in the chi-squared matrix, and no complete one-
unique solutions to the ordering. As such it is proven that although overall the
system is ordered, significant levels of randomness exist in the facies successions of
shallow marine platforms (see also Lehrmann and Goldhammer 1999). This is log-
ical, as in fact if this was not the case, simple layer cake stratigraphy would have
been recorded in the field. Furthermore, the analysis from the chi-squared matrices
(Fig. 6.14b) also showed that EXP and SFA surfaces statistically coincide in vertical
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Figure 6.13: Spatial extension of lithofacies in study area I during different intervals of
accommodation space creation/destruction. Larger lateral continuity is exhibited by the
subtidal facies during maximum creation of accommodation (b) and when the accommo-
dation space was filled up and tidal flat facies could extend laterally (c). Heterogeneity
increased during deposition of the relief-building facies, the bars, which promote spatial
diversification of depositional environments during initial phases of creation of accommo-
dation space (a).
position in ”most common order” facies stacking. This indicates that although no
exposure was recognized along the SFA stratal surfaces (the top of subtidal lagoonal
intervals in study area I), these probably have similar genetic significance.
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6.7 Discussion
6.7.1 Shoal-tepee barrier belts and submerged platform mar-
gins
For the DBD and southern lower Jurassic platforms in Morocco, Crevello (1990,
1991) already proposed a similar depositional model with an island-shoal complex
that separated a subtidal lagoon and a tidal flat complex from a platform margin re-
gion. An element of discordance with Crevello’s model is that the barrier-shoal com-
plex did not consist of ooids but rather of gravel and coarse sand-sized micrite-coated
bioclasts and intraclasts. The marginal grainstones surrounding coral and stromato-
poroid patch reefs were dominated by coarse sand-sized micrite-coated grains and
contain locally fine-medium, sand-sized ooids.
In terms of outer-platform morphology and lithofacies character, the studied
platform-top of the DBD (Fig. 6.3a) is comparable to the middle Triassic (Anisian-
Ladinian) Latemar platform (Dolomites, northern Italy; Egenhoff et al. 1999), where
a tepee belt and a supratidal zone developed 50-150 m away from a submerged
boundstone reef belt, and represented the zone of maximum elevation. The width of
facies belts was controlled by the palaeowinds (Egenhoff et al. 1999), with the tepee
zone better developed in the leeward margin (300-400 m wide) than in the windward
margin (100 m wide). The Permian Capitan Reef complex (Texas and New Mexico,
USA) was also characterized by an un-rimmed shelf profile with a subtidal reef (30-
80 m deep) at the platform margin, and a pisoidal-tepee zone of maximum elevation.
The tepee belt was hundreds of meters to several kilometers wide, and located a few
hundred meters shelfward (Esteban and Pray 1983; Tinker 1998).
It emerges that an intertidal-supratidal tepee belt that acted as the shallowest
part of the platform might be a common feature of un-rimmed carbonate deposi-
tional systems characterized by a submerged reef. Nevertheless, only under particu-
lar configurations tepee facies may form into a relatively narrow belt, which acts as
topographic highs or barriers separating the restricted lagoon from the open ocean.
Dominant aggradation and short termed sea-level fluctuations are probably of key
importance. Well-developed tepee complexes at the shelf crest of the Capitan shelf
occurred when the rates of platform margin progradation were reduced and the for-
mation of tepees was facilitated by multiple cycles of exposure, desiccation, flooding,
sediment infill and marine cementation (Kerans and Tinker 1999). Also the Latemar
platform appears to have had a dominant aggradational evolution (Emmerich et al.
2005). Identically, this stage of the DBD platform growth appears to have been
aggradational (Merino-Tome´ et al. 2007).
In study area II PPG facies are scarce, and instead correlate to common subaerial
exposures of the barrier and locally of the subtidal areas. Egenhoff et al. (1999)
suggests that extensive tepees occurred on the Latemar when marine water perco-
lated from both open marine and lagoonal directions, with the latter supersaturated
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due to evaporation, whereas tepees did not develop when also the lagoon was sub-
jected to subaerial conditions. Therefore we conclude that tepee development might
be associated to aggradational settings with steady shorelines and reduced ampli-
tude of sea-level fall because of high tectonic subsidence rates and/or as a result of
greenhouse conditions.
6.7.2 Controls on platform facies architecture
Regional syn-rift setting for Lower Jurassic cycles
Platform-top depositional settings dominated by cyclic tidal flat facies of early Juras-
sic age, in particular Sinemurian, are described in other platform outcrops in Mo-
rocco (High Atlas, Burri et al. 1973; Burgess and Lee 1978), and in numerous
peri-Mediterranean carbonate realms, among which Tunisia (Soussi and Ben Isma¨ıl
2000), Gibraltar (Bosence et al. 2000, 2007), the Betic Cordillera (southern Spain;
Ruiz-Ortiz et al. 2004), Italy (Di Naccio et al. 2005) and southern Turkey (Eren et
al. 2002). These occurrences share the cyclic and peritidal character of the shallow-
water successions with shallowing-upward cycles from subtidal to intertidal facies,
capped by intertidal microbial laminates and/or calcretes. These cycles were de-
posited in the interior of shelves or ramps, in arid climatic conditions, affected by
low-amplitude eustasy and extensional tectonics. In terms of lithofacies, these periti-
dal platform interior or inner-ramp settings do not coincide with the outer-platform
barrier system analyzed in the DBD, which lacks the widespread early dolomitization
characterizing many of the quoted studies.
Figure 6.14 (facing page): =⇒a) Comparison of results from Markov chain analysis. Cal-
culated chi-square value (y-axis) are normalized against the minimum chi-square required
to reject null hypothesis of random facies transitions at the 95% C.I. Therefore, a value
less than 1 indicates that the null hypothesis of random facies transitions cannot be re-
jected whereas a value greater than 1 allows rejection of the null hypothesis of a random
succession. Traditional Markov analysis refers to the standard approach of calculation of
chi-square by comparison of actual transition frequencies against expected (random) tran-
sition frequencies calculated from the proportion of facies occurrences in vertical sections.
In modified Markov chain analysis, facies dimensions are factored into the expected (ran-
dom) facies distribution using the modified technique of Lehrmann and Rankey (1999).
”No surfaces” refers to analyzes calculated from facies transitions only. ”Surface” categories
are for analyzes in which physically mapped stratigraphic surfaces (subaerial exposure sur-
faces (EXP), and surface of filled accommodation (SFA), were assigned a ”facies” code, and
entered into the analysis. b) Chi-squared matrix shows the difference between actual facies
transition frequencies and those expected from a random succession. The ”expected”transi-
tion frequencies (random succession) were calculated using the modified embedded Markov
technique by Lehrmann and Rankey (1999). Also shown (lower) are potential ”common
order” stacking derived from chi-squared values greater than 3 from the chi-squared matrix
(see text for details).
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The causes of meter-scale cyclicity on these lower Jurassic syn-rift platform-
top settings have been extensively investigated, and most of these studies stress the
importance of the tectonic signal interplaying with high-frequency eustasy (cf. Ruiz-
Ortiz et al. 2004; Bosence et al. 2007). Bosence et al. (2007), in particular, question
whether vertical stacking of facies was controlled by orbital forcing or tectonic-related
subsidence and uplift. De Benedictis et al. (2007) have demonstrated, through for-
ward stratigraphic modelling, that extensional faults can produce high-frequency
peritidal cycles in hanging-wall and graben settings. The cycles have the same
thickness of orbitally-driven sea-level changes or autocyclic processes, and periods of
0.5-40 kyr. Instantaneous fault throws are of meter scale and produce rapid facies
shifts. Peritidal cycles can show either symmetric or asymmetric patterns according
to the productivity of the carbonate facies related to the fault-created accommo-
dation space. In contrast, the modeling of fault-controlled cycles in footwall and
horst locations produces single, shallow-water subtidal cycles bounded by exposure
surfaces. For the DBD, the extensional fault-controlled creation of accommodation
space most likely affected the platform top facies stacking.
Lateral heterogeneity: Effect of depositional topography and sea-level
stand
In a flat topped platform with a submerged reef and a shoal-barrier complex 200-
1000 m from the platform break, such as the DBD, the causes of lateral disconti-
nuity are related to the sedimentary processes controlling growth and migration of
the high-energy bars that create the depositional relief, such as carbonate grain pro-
duction and current directions. More uniform substrates appear to have occurred
when the depositional relief created by the barrier-shoal complex was insignificant
either because of establishment of low-energy subtidal conditions across the plat-
form (accommodation space creation during late transgressions/maximum flooding)
or when the accommodation space was filled by subtidal to intertidal deposits (late
highstand).
Lateral continuity of facies within parasequences is influenced by the intrinsic dy-
namics of spatially and temporally heterogeneous sediment production (Adams and
Grotzinger 1996). The characteristic features of the depositional facies and differ-
ences in rates of sediment accumulation owe their dependence to hydrodynamics and
environmental conditions that, in turn, are responsible for the spatial diversification
of facies within a cycle of base-level fluctuation. The presence of depositional topog-
raphy reduces the predictability of lithofacies spatial distribution because the larger
the depositional topography, the more likely to have lithofacies variability (Kerans
and Tinker 1997). When the local environmental conditions and sediment produc-
tion promote facies that build a depositional relief (e.g. high-energy shoals, patch
reefs or low-energy reef mounds), possibly in combination with early compaction,
lateral heterogeneity increases. Relief-building sedimentary processes can be paused
either by hydrodynamic or biologic changes or by filling up of the accommodation
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space by sedimentation rather than being exclusively related to relative sea-level
changes. When the vertical growth is arrested, the leveling of the depositional relief
created takes place through the deposition of horizontally bedded subtidal strata
even in absence of extrinsic changes in relative sea level and consequently the lateral
heterogeneity is reduced.
Other studies have indicated relationships between facies spatial continuity and
accommodation space available. In the Triassic of the Latemar, metrae-scale shallowing-
upward cycles could be correlated using the lagoonal flooding surface (Egenhoff et al.
1999), because they represented the most laterally continuous stratal surfaces. Hill-
ga¨rtner (2006), for a Cretaceous low-angle carbonate platform in Oman, suggested
that small-scale depositional sequences can be continuous up to 100 km parallel to
strike but facies lateral extensions varied with accommodation space, with larger con-
tinuity for early transgressive/late highstand (tidal flat facies) and maximum water
depth deposits (subtidal lagoon) and largest variability for late transgressive/early
highstand deposits (high-energy shoals). Nevertheless, the link between lithofacies
lateral continuity and relative sea level might be better explained as primarily depen-
dent on the type of sediment accumulated, i.e., the biologic and inorganic processes
acting that are secondarily also related to the accommodation space available.
The DBD outer platform strata showed that, despite the lateral facies changes
with different accumulation rates and thickness, the succession can be subdivided
in packages of fairly uniform thickness bounded by the top of the subtidal lagoonal
facies, contained within the spatial complexity derived by the relief-building shoal-
barrier complex. Franseen et al. (2007) defined this as ”build-and-fill architecture”
a common character of icehouse and greenhouse thin sequences that maintain sim-
ilar thickness throughout wide geographic areas, despite having a complex internal
architecture. Build-and-fill sequences develop in settings in which carbonate pro-
ductivity is less than optimal, leading to underfilled accommodation and incipient
drowning during rises, and subsequent fill of low areas, typically during highstand
or falling sea level. In the DBD the filling of the restricted lagoon behind the bars
followed the formation and growth of the bar (accommodation space creation) and
took place after the bar migration had ceased either because the accommodation
space was filled (highstand), because they were arrested by exposure to subaerial
conditions (relative sea-level fall), or because local hydrodynamic regimes changed
by intrinsic processes (abandonment of channels etc.).
Common order vertical stacking
In outer platform shoal-barrier settings such as the DBD, the types of lithofacies
vertical stacking, their thicknesses and the patterns of rhythmic shallowing-upward
packages vary laterally within a few hundreds meters. The complex vertical and
lateral facies mosaic hampers the extraction of trends of accommodation space fluc-
tuations from lithofacies thickness (cf. Wilkinson and Drummond 2004). The cur-
rent debate concerning the presence of meter-scale lithologic cyclicity originates from
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the tendency to extract general rules and concepts from isolated case studies and
on one-dimensional, thickness-based data sets when outcrop investigations acknowl-
edge that platform-top settings are spatially dynamic systems controlled by a high
number of intrinsic and external variables (e.g. Della Porta et al. 2002).
Statistical stable data sets on carbonate platform top predictability can be ex-
tracted from outcrop, being aware of a number of considerations. The number of
observations might influence the statistical stability of the data set. This can be
overcome by summation of laterally adjacent stationary transition frequency matri-
ces. Through a series of steps in which progressively more stratigraphic data were
entered into Markov chain analysis it is shown that vertical stacking is decidedly
non-random, and potentially most ”common order” stacks are statistically definable
within two narrow stratigraphic intervals in the DBD study areas. Incorporation
of stratigraphic surface information and 2D lateral facies relationships improve the
geologic significance of the analysis by taking into account stratigraphic concepts.
In this study, this yielded unambiguous results of an orderly succession. The results
illustrate that stratigraphic ordering should not be viewed as simply a vertical (1D)
attribute of carbonate platforms, but it is as best viewed in the context of 2D/3D
stratigraphic information. Conceptually, the 2D distribution of surfaces of subaerial
exposure, erosion, or hiatus and the lateral distribution and geometry of facies bod-
ies should play an important role in the evaluation of ordering in any given section
(Lehrmann and Rankey 1999). Previous failed attempts to use Markov chain anal-
ysis to demonstrate ordering in such systems may stem from limitations of the test
and failure to incorporate stratigraphic surface information and 2D facies relation-
ships into the analysis. In this the digital mapping proved to be a key in advantage in
establishing correct stratigraphic thicknesses, lateral correlations between sections,
and facies dimensions.
The complex facies distribution of the DBD platform might represent a common
scenario of greenhouse settings where the internal dynamics of a depositional system
with limited accommodation space created a facies mosaic. Notwithstanding the an-
alyzes revealed that, when 2D stratigraphic information is added, overall the vertical
facies succession is decidedly non-random. An ordered signal (induced by possibly
external or internal driving mechanisms, or a combination of both) variably inter-
feres with intrinsic processes that create overprinting noise, influencing the potential
for predictability. As such it is acknowledged that significant levels of randomness
exist in the facies successions of shallow-water platforms.
6.8 Conclusions
This study illustrates the digital capturing of spatial facies variability of a shoal-
barrier complex in a lower Jurassic outer-platform setting. Subtidal gravel to coarse
sand-sized, meter-scale coated-grain bars formed a discontinuous belt parallel to the
margin, with transition into foreshore and backshore, intertidal and supratidal facies
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with tepees. Platform profiles with a tepee belt in the outer platform acting as a rim
may be specific of aggradational high-relief carbonate platforms with a submerged
reef at the platform margin. Such systems are characterized by steady shoreline,
rapid cementation of intertidal deposits and short-term subaerial exposures that did
not affect large platform areas, leaving the marginal zone and the restricted lagoon
submerged while the barrier complex was exposed. These circumstances might likely
occur in settings with limited amplitude of subaerial exposure such as on greenhouse
platforms, possibly in combination with fault-controlled subsidence.
Thickness of individual lithofacies bodies, within laterally continuous stratal
packages of shallowing and deepening-shallowing upward, vary laterally within a
few hundred meters. Lateral continuity of lithofacies is highest when maximum wa-
ter depth allowed the flooding of the platform top establishing low-energy subtidal
lagoon conditions, and when the accommodation space was filled up and tidal flat
facies could extend laterally. Lateral continuity is strictly dependent on the timing
of deposition and size of the relief-building facies, during initial phases of creation
of accommodation space, which promotes spatial heterogeneity.
Traditional Markov chain analysis of individual sections suggests that lithofacies
are not occurring in any particular order and are undistinguishable from a random
facies transition style. Traditional and modified embedded Markov chain analyzes of
composite sections, and including stratigraphic significant surfaces and the 2D lat-
eral extension of facies bodies, however, revealed non-random successions, providing
solutions for common order of vertical facies stacking.
The complexity of the facies architecture is attributed to several factors such as
the internal dynamics of the depositional system, inherited depositional relief, auto-
cyclic processes, external forcing by relative sea level fluctuations, and the regional
rifting setting and normal-fault activity of the platform which affected subsidence
rates and platform evolution. Intrinsic processes produced noise in the ordered ver-
tical stacking of facies, complicating the degree of predictability. As such, it is
acknowledged that significant levels of randomness, or noise, exist in the vertical fa-
cies succession, feeding the debate on the existence of predictable shallowing-upward
cyclicity. This study demonstrates the difficulty of the use of one-dimensional thick-
ness data to extract information about high-frequency cyclicity.
Integration of spatial outcrop data in digital outcrop models did far more than
confirm field observations. It enabled stratal architecture to be recorded with high
data density through spatially precise methods. It facilitated three-dimensional
visualization of complex stratal architectures and allowed quantification of facies
thicknesses and spatial heterogeneity. These methods are important for accurate
characterization of potential outcrop analogs to subsurface and modern depositional
systems. This outcrop example could be an analogy to many ancient aggrading
high-relief platforms characterized by the absence of a reef rim, and with a tepee
belt acting as topographic high separating the lagoon from open ocean. Only through
careful reconstruction of stratal anatomy and facies relationships in fully integrated
three dimensional geologic models, quantitative concepts can be established that
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enhance carbonate sediment accumulation predictability.
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Physical properties
Abstract
The complex relationship between acoustic properties and lithofacies in
sedimentary sequences strongly influences the seismic response and therefore
the seismic stratigraphic interpretation of reflection data. Correlation and
calibration of geological parameters, such as mineralogy and rock texture, and
petrophysical properties that control the seismic response of sedimentary pack-
ages permit a more accurate translation of the seismic response into geologic
models. In the next part of the thesis two case studies are presented which
detail the effect of rock texture on acoustic behavior of carbonate rock sam-
ples and to the effects of changing fluid type on the acoustic properties. The
acoustic properties of porous media are investigated on plug scale for a global
database which spans both carbonate and siliciclastic rock types (Chapter 7).
And carbonate rocks are investigated using a variety of samples from ancient
carbonate platforms, where emphasis is placed on the relationship between
geological parameters, rock texture, acoustic characteristics and saturation be-
havior (Chapter 8).
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Chapter 7
Acoustic behavior of sedimentary rocks:
Geological properties versus Poisson’s
ratios
7.1 Introduction
Seismic (reflection) technologies can remotely sense geological properties: specific
geological structures observed in subsurface seismic images, for example carbonate
platforms, are recognized as such because of their resemblance to known outcrop
architecture. Therefore, a relationship between seismic properties and geological
properties must, to a certain extent, exist. Although large-scale structural elements
in seismic images can fairly easy be explained by basin-scale geological knowledge,
at a reservoir scale, the acoustic behavior of different rock types is, however, largely
overlapping which makes prediction of rock types and index properties from acoustic
properties, and visa versa, extremely difficult. The demand for generally applicable
relationships that allow a fair amount of prediction and geological ground truthing of
seismic data is therefore high, especially given the quantum leap in seismic imaging
technologies.
Over the last decennia, several theoretical, experimental and empirical relation-
ships were developed and published that describe the relationship between geological
and acoustic properties, and more specifically, the relationship between pore space
and solid matrix on the one hand and the acoustic velocity on the other hand. The
time-average equation (Wyllie et al. 1956) and the modified time-average equation
(Raymer et al. 1980), for example, are both based on empirical relationships that
relate the variation in acoustic velocity to variation in porosity only. By extending
these models with mixing-theory equations (Voigt 1928; Reuss 1929; Wood 1941; Hill
1952; Hashin and Shrikman 1963), upper and lower bounds for elastic properties
This chapter is based on: Kenter, J.A.M., Braaksma, H., Verwer, K. and van Lanen, X.M.T. (2007)
The Leading Edge, v.25, p. 57-63. Reprinted with permission.
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can be defined and used in applications where critical parameters for the calculation
of, for example, the Gassmann equation (Gassmann 1951), are not available (Gutier-
rez et al. 2001). With the extension of the time-average equation by mixing theories,
the variations of mineralogy can fairly well be accounted for. However, those trans-
forms are still rather crude because they do not account for variations in texture and
pore geometry (Bracco Gardner 2000). In carbonates, for example, Wyllie’s empiri-
cal equation tends to underestimate acoustic velocity (Kenter et al. 1997). In mixed
carbonate-siliciclastic systems it is shown that primary control on acoustic velocity
is exerted by porosity, but the remainder of the variability in acoustic velocity (and
impedance) can be explained by the opposite and overlapping effect of carbonate
and clay content (Braaksma et al. 2003). The Gardner (1974) and Castagna et al.
(1993) equations link density with compressional wave velocity for various, mostly
unique and mono-mineralogic, lithologies. They fail to explain satisfactorily the re-
lationships in mono-mineralogical rocks and do not help to explain such relationship
in mixtures either.
Any effort to develop a more significant relationship between acoustic properties
on the one hand and geological properties on the other requires a statistically sound
data set that covers primary geological variables. Ideally, such parameters should
reflect the fundamental classification of sedimentary rocks including rock fabric, tex-
ture and mineralogy. Though a similar approach was used by Vernik and Nur (1992)
who developed a petrophysical classification for siliclastics that links fundamental
rock properties, grain supported fabrics versus matrix supported fabrics and dia-
genetic effects, to seismic velocities in a data set of ultrasonic measurements, this
study includes a complete range (and mixtures) of primary lithologies.
To extract globally significant relationships between geological and acoustic para-
meters, over 2800 plug measurements were collected from own measurements (more
than two-thirds of the data) and the literature. This data set covers nearly all
sedimentary environments and mixtures of those, as well as the entire range in
petrophysical properties.
The Poisson’s ratio is introduced as a key parameter to extract a link between geo-
logical and acoustic properties. Originally, the Poisson’s ratio is defined as the ratio
of transverse contraction over longitudinal stretching and is a material-dependent
constant of proportionality between primary and secondary stress. The Poisson’s
ratio does not only include the P-wave properties of a sample, but also the S-wave
properties and is independent of density, a traditionally difficult parameter to mea-
sure in well bores or to extract from seismic experiments. The Poisson’s ratio is
easily deduced from the P-wave (Vp) and S-wave (Vs) velocities directly through
ν =
(V 2p − 2V 2s )
2(V 2p − V 2s )
(7.1)
(Domenico 1995; Mavko et al. 1998, p. 52).
In this application, the Poisson’s ratio can be interpreted as representing a dy-
namic measure of the material response to ”deformation”by acoustic waves, which is
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Chapter 7
directly related to the nature of the mineral, texture make-up of a rock and the type
of pore fluid, and provides an important indicator for predicting the nature of rocks
(Rafavich et al. 1984). This relative measure of rigidity-versus-incompressibility
(Thomsen 1996) is widely used in the determination of lithology from seismic or
sonic log data as well as for direct seismic identification of pore fluids using, for
example, AVO analyses (Mavko et al. 1998). The Poisson’s ratio has been used to
express the dependency of pore type and mineralogy in the past by various authors
(Berg 1997; Ostrander 1984; Ozel et al. 1999; Rafavich 1980; Shuey 1985; Verm and
Hilterman 1995).
This paper is an attempt 1) to review the power of the existing velocity trans-
forms (notably time-average and Gardner’s equations) and, 2) to extract general
relationships between the acoustic properties and geological properties in a complete
spectrum of sedimentary rocks that provide a meaningful method to separate major
rock groups. The basis forms a global multi-mineral data set that includes over 2800
samples of which nearly two-thirds were analyzed in our petrophysics laboratory
and the remainder collected from the open literature. The data set ranges from pure
carbonates, granular and completely recrystallized, to siliciclastics spanning clays
and nearly pure quartz arenite. The results demonstrate an intimate relationship
between elastic behavior and the primary as well as diagenetic overprint of the sed-
imentary rocks and allow the direct extraction of crystalline, granular and mixture
behavior and, secondly, the relative mineral composition within those groups. By
only detailing the analyses of acoustic velocities, this fairly simple approach may
have great significance for the general prediction of rock types and index properties
from seismic data sets and in well bores.
7.2 Data collection and methods
Table 7.1 provides an overview of the various data sets (n=35) that were collected
from literature and own measurements. The data set includes all common sedimen-
tary rock types ranging from pure limestone to pure siliciclastics and mixtures of
those as well as volcanoclastics and even granites. It summarizes authors, year of
publication (or unpublished data set), the dominant mineralogy, geological age, and
study location. Clearly, not all data sets are similar in the character of information.
For instance, ideally, all data sets have geological data like quantitative mineralogy,
rock fabric classification and grain size; however, this is not always the case. Simi-
larly, not all data sets have all acoustic properties (Vp as well as Vs) and, even more
important, there are substantial differences in the analytical procedures. However,
though those effects will be significant in small data sets, it is assumed that in this
very large data set such effects will be minor and dominant controls will become vis-
ible. In the analysis following in this paper data sets were reduced to match required
parameters when needed.
The data set was subdivided into four rock type groups as follows: 1) pure
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Figure 7.1: Cross plots of P-wave velocity versus, respectively, porosity (a) and density (b).
Instead of showing individual data points, data density was contoured by moving a bin
size of 0.200 km/s by 0.02 porosity units diagonally with increments of 1/30th of one bin
size. In addition, commonly used velocity transforms by Gardner et al. (1974), Castagna
et al. (1993) and Wyllie et al. (1956) time average lines for various matrix velocities are
superimposed.
carbonates (>93% CaCO3; n=1606), 2) mixed carbonate-siliciclastic (between 22
and 93% CaCO3; n=365), 3) siliciclastics (<78% CaCO3; n=776), and 4) magmatic
rocks (n=55). Though the used mineralogical boundaries are not those that are
used in general rock classification schemes, they conform to published changes in
associated acoustic behavior. Stafleu et al. (1993) and Kenter et al. (2002) show
the influence of clay contribution in clean carbonates. A clay percentage of over 8
percent of clay results in a significant reduction of acoustic velocity. Braaksma et al.
(2003) demonstrate both the clay threshold as well as an observed increase in acoustic
properties if the carbonate fraction exceeds 0.23. In this study the Stafleu-Kenter
and Braaksma thresholds are followed in the generalization scheme for subdivision
in significant sediment groups.
7.3 Results: Velocity transforms
Figure 7.1 shows cross plots for all data between porosity and density on the hori-
zontal axis and P-wave velocity on the vertical. Striking is the significant range in
velocity values for a certain porosity or density value. Though porosity and density
are first order controls (Kenter et al. 1997, 2002) on velocities they do not explain
the 2-3 km/s variations.
To investigate the relationship between mineralogy and acoustic properties in a
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Figure 7.2: Ternary plots for mineralogy/texture (carbonate, clay and quartz content)
contoured for P-wave velocity for various porosity ranges. Relationships are visible between
mineral and textural mixtures and velocity; where mixtures are optimal, velocities are low;
where carbonate is high, velocities are high; and where carbonate is depleted, and velocities
are low. Thresholds separating those regions are ∼22% in carbonate content and ∼8% in
clay contribution.
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continuum, or mixed data set, ternary plots (Fig. 7.2) were generated for mineral-
ogy/texture in the horizontal (showing standardized clay, quartz and undifferentiated
carbonate content) and contoured P-wave velocity (Vp, vertical). From the global
data set a total of 1789 data points have, next to acoustic properties, quantitative
information on mineralogy. Two second order relationships are visible: thresholds in
carbonate (∼22%) and clay content (∼8%) control the variability in P-wave velocity
(dashed lines in Fig. 7.2).
At porosity values larger than 25% acoustic velocity is low(est) and mineralogy-
texture has little to no effect on the absolute value of acoustic velocity (little variabil-
ity within the ternary space) and the data density is largest in carbonate depleted
mixtures of clay and clastic grains (Fig. 7.2a). With decreasing porosity values
(from + 25 till 15%), mineralogy progressively becomes more important in the ab-
solute value of P-wave velocity and an acoustic differentiation between matrix and
grain-supported sediments (∼8% clay threshold) can be made (Figs. 7.2b, c). At
intermediate porosity values (between 10 and 15%, Fig. 7.2d) the variability in
P-wave velocity as a function of mineralogy is largest and data points are evenly
distributed in the ternary space. At porosity values smaller than 10% (Fig. 7.2e),
P-wave velocity values are highest and variability of P-wave velocity as a function
of mineralogy is relatively low. Even though primary control is exerted by porosity,
when a plotting P-wave velocity as a function of mineralogy only (Fig. 7.2f) still an
acoustic differentiation between matrix and grain supported sediments is evident.
The contoured ternary diagrams not only display the secondary effect of mineralogy
(following porosity) on compressional wave velocity, they also show the data gap for
clay and limestone mixtures, nearly free of quartz grains. Such mixtures may be
uncommon and as a consequence not observed in the data set.
7.4 Results: Poisson’s ratio
Reviewing the cross plot of compressional wave velocity and Poisson’s ratio (Fig.
7.3a) one can observe that the overlap between the different sediment groups is
large. However, using the quantitative mineralogical information it shows that pure
carbonate rocks (less than 8% non-carbonate material) show a complex two sided
relationship. The carbonates occupy a v-shaped area (a low in Poisson’s ratio val-
ues around a P-wave velocity of 4.5 km/s), whereas the siliciclastics are occurring
only in the left portion of the elastic space (no more than 23% carbonate). Pure
siliciclastics rocks show a relatively simple linear relationship in the Poisson’s ratio
vs. compressional wave velocity space and that mixtures (between 22 and 93% car-
bonate) connect the former two. Within individual regions, variations in mineral
composition show particular trends. For example, in the siliciclastic area (the yellow
area on the left), high clay contents correspond to high Poisson’s ratios (Vp >> Vs)
and low P-wave velocities, whereas quartz arenites correspond to relatively lower
Poisson’s ratios (Vp > Vs) and higher P-wave velocities. In the transitional region a
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general trend is observed of increasing carbonate from left, the low Vp area, to right,
the high Vp area. Progressive introduction of relatively low amounts of carbonate
as cement increases acoustic velocity. Following the trend of the pure carbonate
group from left to right, a Vp increase along with a decrease in Poisson’s ratio (from
0.4 to 0.2) can be observed (Fig. 7.3a). A low in Poisson’s ratio exist around Vp
values of around 4.5 km/s after which P-wave velocity is positively correlated with
the Poisson’s ratio.
Figure 7.3b shows a cross plot of porosity versus Poisson’s ratio. Carbonates
again show a wide range of porosity up to over 50%, while siliciclastics are limited to
a critical (or upper limit) porosity of around 30%. In the siliciclastic area two data
groupings can be observed. Poisson’s ratios for lower porosity silicilastics do not
exceed 0.31, while those for higher porosities are between 0.32 and 0.42. Mixtures
are limited in porosity at around 20% but have a wide range in Poisson’s ratio,
between 0.2 and 0.4, indicating that mixtures may generate the maximum errors
in modeling of their physical properties. Carbonates show a better constraint, but
clearly non-linear, relationship between Poisson’s ratio and porosity. Zero porosity
rocks can have Poisson’s ratios between 0.2 and 0.38. Near maximum in porosity
(0.52) also results in the highest Poisson’s ratios in the data set, ∼0.4.
In Figure 7.3c several selected data points were superimposed on Figure 7.3a
to highlight another distinct property. Carbonates in the left wing of its v-shaped
region typically have granular fabrics, such as clean grainstones (e.g. Fig. 7.3c cyan
dot, Fig. 7.4a), or very fine grained chalks (e.g. 3C red triangle, Fig. 7.4b) similar
to those siliciclastic rocks (e.g. Fig. 7.3c magenta dot, Fig. 7.4c), whereas those
in the carbonate region to the right have crystalline fabrics (e.g. Fig. 7.3c red
Figure 7.3 (facing page): ⇐= Series of cross plots showing Poisson ratio versus P-wave
velocity. Instead of showing individual data points, data density was contoured by moving
a bin size of 0.013 Poisson ratio units by 0.200 km/s diagonally with increments of 1/30th
of one bin size. a) Cross plot of compressional wave velocity with Poisson’s ratio showing
individual regions of siliciclastics, mixed and carbonate data. b) Cross plot of porosity with
Poisson’s ratio, note that fractional porosity on the X-axis is inverted for comparison with
7.3a. c) Cross plot of (a) with superimposed several data sets to explain the excellent fit
with the regions of granular, crystalline and mixture behavior. Carbonates in the left wing
of its v-shaped region typically have granular fabrics, such as clean grainstones (e.g. Fig.
7.3c cyan circle, Fig. 7.4a), or very fine grained chalks (e.g. 7.3c red triangle, Fig. 7.4b)
similar to those siliciclastic rocks (e.g. Fig. 7.3c magenta circle, Fig. 7.4c), whereas those
in the carbonate region to the right have crystalline fabrics (e.g. Fig. 3C red square, brown
square, Fig. 7.4d). In the transitional area those rocks are observed that are dominated
by quartz grains and have significant calcite cementation (e.g. Fig. 7.3c magenta triangle,
Fig. 7.4e) or cemented quartz arenites (e.g. Fig. 7.3c black dot, Fig. 7.4f). Finally,
as a reference the mean value of 55 granite-schist plugs were plotted (e.g. Fig. 7.3c
green square, Fig. 7.4g). Regions of granular, crystalline and mixture texture are clearly
separated. Mineralogical trends explain the relative position within those regions.
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square, brown square, Fig. 7.4d). Those fabrics have been recrystallized following
deposition and most likely during early to late burial, to low magnesium calcite
spar or dolomite, thereby changing the primary grain-dominated fabric to a crystal-
dominated fabric. In other words, those fabrics have been diagenetically altered
to a stage where no granular fabric - and therefore touching grains - remains. No
distinctly different trends are observed related to the relative mineral composition
(dolomite versus calcite). In the transitional area those rocks are observed that
are dominated by quartz grains and have significant calcite cementation (e.g. Fig.
7.3c magenta triangle, Fig. 7.4e) or cemented quartz arenites (e.g. Fig. 7.3c black
dot, Fig. 7.4f). Finally, as a reference, the mean value of 55 granite-schist plugs is
plotted (Fig. 7.3c green square, Fig. 7.4g). These are typical rocks with crystalline
rock fabrics and illustrate the position of crystalline-sedimentary data set within the
compressional wave velocity - Poisson’s ratio space.
7.5 Discussion
Previous studies suggest that mineralogy, fabric, texture and pore shape may explain
most of the remaining variation in velocities (Anselmetti and Eberli 1993; Rafavich
et al. 1984; Castagna et al. 1985; Vernik and Nur 1992; Wang 1997, 2001). Clearly,
the superimposed velocity transforms (Wyllie et al. 1956) do not adequately ex-
plain the observed data trends. The Gardner et al. (1974) and Castagna et al.
(1993) transforms also fail to explain mixtures or even individual rocks type dis-
tributions. Similarly, the Wyllie et al. (1956) transform generally follows observed
trends in mono-mineral data sets but do not predict mixtures or variations at one
given porosity or velocity value.
Besides the everlasting difficulty in choosing correct elastic moduli values for
certain types of minerals (see Mavko et al. 1998) in rock physics modeling, when
applying the time-average equations in mixtures of clay, quartz sand and carbonate
Figure 7.4 (facing page): =⇒ Photomicrographs and SEM imagery of selected samples
showing typical textures and fabrics that confirm the interpretation of granular, crystalline
and transitional acoustic behavior. a) Photomicrograph showing typical high porosity pore
network in granular skeletal dominated Cretaceous carbonates from Limburg, southern
Netherlands. b) Scanning electron microscopy image from a fine grained chalk from the
North Sea (Rogen et al. 2005) c) Photomicrograph showing a typical Pliocene shale from
the Gulf of Mexico. d) Photomicrograph of a severely recrystallized (sucrosic dolomite)
skeletal grainstone from the Miocene of Mallorca, Spain. e) Photomicrograph showing a
(calcite) cemented quartz sandstone from Last Chance Canyon, Permian, in New Mexico,
USA. f) Photomicrograph resembling a North Sea quartz arenite (see Best et al. 1994) g)
Photomicrograph showing a granite (crystalline) from Ploemeur (Belghoul et al. 2005). For
the recrystallized carbonates sample from the Maiella the reader is referred to the paper
by Anselmetti et al. (1997).
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it shows that the largest errors in predicted versus modeled acoustic velocity occur
where the best mixtures in solid matrix constituents are observed (Fig. 7.5). Having
incorporated mineralogical variability (quantitatively) in the modeling of acoustic
velocity, the quantified relative error implies that by mixing of solid constituents
the resulting pore shapes and texture of a porous medium significantly affect the
propagation of acoustic waves, as has also been demonstrated by Kuster and Tokso¨z
(1974). However, a priori knowledge on mineralogy that indeed helps to constrain
the uncertainty in the application of time-average equations usually does not exist in
subsurface exploration and production. An alternative approach to the ”standard”
velocity transforms of separating geologically significant sample groups is using Pois-
son’s ratio as a discriminator. This approach not only reveals a primary contrast
in acoustic behavior between granular versus crystalline fabrics, but it shows that
within those regions as well as within the transitional region, mineral composition
and textural character (clay versus arenite versus carbonate) are a secondary dis-
criminator. Fundamental geological parameters like grain packing and diagenetic
effects have been demonstrated earlier to be secondary, next to porosity, controls in
pure siliciclastics by Vernik and Nur (1992). Such relationships were documented
in relatively small data sets and using fairly simple cross plots. However, with the
inclusion of carbonate particular matter and as cementing agent those particular ef-
fects are of subordinate relevance. Instead, the preservation of the granular character
of a sedimentary medium is a key parameter for rock physics modeling and also for
predictions of permeability from acoustic properties. In pure silicilastics, this is the
general rule with the exception for quartz cementation under high pressure leading
to quartzite or replacement by silica like in radiolarite. Otherwise, the rock medium
will always retain some granular effect which can be separated into grain- versus ma-
trix support which reflects the relative mineralogical composition of the sedimentary
rock. The two siliciclastic data groupings in the Poisson’s ratio diagrams (Fig. 7.3a)
illustrate this intimate relationship between geological and physical parameters.
In contrast to quartzite and granite, (nearly pure) carbonates are very sensitive
to mineral exchange and replacement that quickly leads to loss of the ”granular”
memory. Recrystallization to fine calcite spar cement or dolomite of carbonate rocks
right after deposition and during burial is very common. This process can erase
the granular fabric and texture and thus changes the dominance of grain-to-grain
contacts as the primary transfer points of acoustic energy to a crystal lattice instead,
which has dramatic effects on its elastic (Vp and Vs acoustics) behavior. Although
the elastic moduli of calcium carbonate (and dolomite) are very different from quartz
and clay minerals (Mavko et al. 1998 p. 307-309), granular carbonates plot in the
same portion of the diagram as granular siliciclastics. Granular carbonate rocks have
a minimum porosity of 22%, maximum P-wave velocities of around 4.5 km/s and a
minimum Poisson’s ratio of around 0.27 on average.
As opposed to more standard cross plots of individual elastic moduli vs. porosity
(e.g. Carcione et al. 2005), the use of elastic moduli ratio’s (Poisson’s ratio) allows
a clear differentiation of granular and crystalline carbonate rocks. Tight fitting
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crystal boundaries are typically much more efficient in transferring the acoustic
energy, even at similar porosities, but carbonate rocks have a distinctly different
rigidity-versus-incompressibility (Thomsen 1996) behavior than clastic rocks (Fig.
7.3). The Poisson’s ratio of carbonate rocks increases with decreasing porosity after
a minimum Poisson’s ratio value at around 22% porosity, while the Poisson’s ratio of
siliciclastic rocks decrease with decreasing porosity over the entire range (20 to 40%).
Because this can be directly related to the nature of the mineral and fabric make-up
of a rock it may provide a key parameter in quantitative seismic interpretation.
Considering the large overlap of the different sediment groups in the Poisson’s
ratio versus compressional wave velocity space, seismic methods will not be able
to discriminate mineralogy unambiguously. Therefore it is not possible to extract
mineralogical information directly from seismic methods without a priori knowledge
of the sedimentary system. Nevertheless, when P-wave and S-wave information is
available one is capable of predicting primary fabric, granular vs. crystalline as
well as extract mineral variations within those groups. In other words, geologi-
cal parameters, fabric and mineralogy, are intimately linked to the Poisson’s ratio
and may provide information on not only the diagenetic state of rocks, the docu-
mented relationship may help in extracting geological information and additional
index properties from seismic reflection data and borehole geophysics. Effects of
pressure, saturation and pore fluid have not been detailed but have considerable
influence on the propagation of acoustic energy in porous media. This will be topic
of research papers which will follow (cf. Chapter 8).
7.6 Conclusions
A detailed and comprehensive study of more than 2800 core plugs with acoustic and
geological information resulted in several important and widely applicable findings.
 Commonly used velocity transforms follow general trends but do not ade-
quately explain the variation in velocity at a given porosity.
 Poisson’s ratios prove to be an important discriminator of primary fabric: gran-
ular versus crystalline, and may provide crucial information on make-up of the
geological rock type and its petrophysical properties.
 Second order controls within the crystalline versus granular regions are min-
eralogy and texture and help to explain residual variations.
The results of this study demonstrate that geologically highly significant sedi-
ment groups have characteristic acoustic properties. Fundamental parameters that
control the elastic properties of the different sediment groups are rock fabric and
mineralogy. Using cross plots of Poisson’s ratio versus compressional wave velocity
(including shear wave properties) rock fabrics can be differentiated. Sedimentary
rocks that have retained their granular fabric largely overlap and include carbonates
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Figure 7.5: The evaluation of two popular velocity transforms. a) Plots for mineral-
ogy/texture (carbonate, clay and quartz content) contoured for the relative error (Vp-
modeled - Vp-measured / Vp-modeled) of the time-average equation (Wyllie et al. 1956) is
contoured. b) same as in Fig. 7.5a but now the modified time average equation (Raymer
et al. 1980) is used. C) Cross plot of modeled against measured Vp for the time-average
equation (Wyllie et al. 1956). D) Cross plot of modeled against measured Vp for the mod-
ified time-average equation (Raymer et al. 1980). In the modeling the following values for
Vp were used: clay: 2269 m/s (Vanario et al. 2003), carbonate: 6500 m/s, quartz: 6050
m/s (Mavko et al. 1998).
and siliciclastics, whereas rocks that are recrystallized, and as a consequence have lost
that character, occupy a completely different area in the cross plots. Rocks that have
a transitional character are found to connect both regions. Within those particular
regions of granular, crystalline and mixture behavior, mineralogical trends explain
the relative position of rock types. For example, within the granular region, clay rich
rocks have high Poisson’s ratios (Vp >> Vs) and low P-wave velocities, whereas those
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dominated by quartz grains have relatively high P-wave velocities and low Poisson
rations (Vp > Vs). In summary, the careful review of the elastic properties (Poisson’s
ratio) of a statistically stable multi-mineral data set shows that elastic properties
are closely linked to geological properties (like fabric and mineralogy) and greatly
improves the capability to extract geological information from subsurface imaging
and surveying techniques like reflection seismic and borehole geophysics.
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Acoustic properties of carbonates: Effects
of rock texture and implications for fluid
substitution
Abstract
More than 250 plugs from outcrop and three nearby boreholes in an undis-
turbed reef of Miocene (Tortonian) age were quantitatively analyzed for tex-
ture, mineralogy and acoustic properties. Using an ultrasonic pulse trans-
mission technique (1MHz) we have measured P-wave and S-wave of carbon-
ate rocks under dry (humidified) and brine saturated conditions, at 10 MPa
effective pressure. The data set was compared with an extensive database
of petrophysical measurements of a variety of rock types encountered in car-
bonate sedimentary sequences. Two major textural groups are distinguished
based on trends in plots of compressional wave velocity vs. Poisson’s ratio (a
specific ratio of P-wave over S-wave velocity). In granular rocks the frame-
work of depositional grains is the main medium for acoustic wave propagation;
in crystalline rocks this medium is provided by a framework of interlocking
crystals formed during diagenesis. Rock textures are connected to primary
depositional parameters and diagenetic overprint through the specific effects
on Poisson’s ratio. Calculating acoustic velocities using Gassmann fluid sub-
stitution modeling approximates measured saturated velocities for 55% of the
samples (3% error tolerance); but at the same time shows considerable errors,
as shear modulus changes with saturation. The introduction of brine into the
pore space may decrease the shear modulus of the rock by about 1.4 GPa, or,
alternatively, increase it by about 1.4 GPa. This change in shear modulus is
coupled to the texture of the rock: in granular carbonates the shear modulus
decreases, in crystalline and cemented carbonates the shear modulus increases
upon saturation. The results demonstrate the intimate relationship between
elastic behavior and the depositional and diagenetic properties of carbonate
sedimentary rocks. It potentially allows the direct extraction of granular and
crystalline rock texture from acoustic data alone, and may be of significance
for the prediction of rock types from seismic data, and in wells.
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This chapter is based on: Verwer, K., Braaksma, H. and Kenter, J.A.M. (2008) Acoustic properties
of carbonates: Effects of rock texture and implications for fluid substitution. Geophysics v. 73, p.
B51-B65. Reprinted with permission.
8.1 Introduction
Understanding the controls of petrophysical properties of porous media is a key issue
in interpreting seismic images and acoustic logs of sedimentary sequences. Reliable
correlations of rock velocity with petrophysical parameters, such as porosity or den-
sity, are essential for calculating impedance models for synthetic seismic sections
(Biddle et al. 1992; Campbell and Stafleu 1992; Kenter et al. 2001), identify-
ing the origin of reflectivity on seismic lines (Sellami et al. 1990; Christensen and
Szymanski 1991; Anselmetti et al. 1997; Zampetti et al. 2005; Braaksma et al.
2006), or reservoir characterization studies (Tinker, 1996). In addition, modeling
the effects of saturation on the physical behavior of reservoir rock is widely used
in fluid-substitution and one of the prime parameters in analyses for enhanced oil
recovery (EOR) including time-lapse seismic seismic, CO2 injection and amplitude-
versus-offset (AVO) (Nolen-Hoeksema 1995; Wang 1998; Assefa et al. 2003; Li et al.
2003).
In the last decades studies of the acoustic behavior of sedimentary rocks have
mainly focused on siliciclastic sediments (e.g. Christensen and Szymanski 1991;
Marion et al. 1992; Vernik and Nur 1992). Carbonates, however, received less at-
tention. The few existing studies (Rafavich et al. 1984; Anselmetti and Eberli 1993,
2001; Stafleu et al. 1994; Kenter and Ivanov 1995; Kenter et al. 1997ab 2002; 2003;
Wang 1997, 2001; Assefa et al. 1999, 2003; Eberli et al. 2003; Japsen et al. 2004;
Baechle et al. 2003, 2004; Rogen et al 2005) show that the primary factors control-
ling acoustic properties in carbonates are the amount and type of porosity, diagenetic
properties, and to minor extent mineralogy. Carbonates, originally consisting of a
mixture of aragonite, high-Mg calcite and low Mg calcite, are particularly sensitive
to rapid diagenetic alterations. Original depositional rock fabrics are rapidly affected
by diagenetic processes such as cementation, compaction, dissolution and dolomi-
tization, and during diagenesis carbonate sediments may gain or lose porosity. In
extreme cases, these modifications can completely change the mineralogy from arag-
onite/calcite to dolomite, or reverse the pore distribution whereby original grains are
dissolved to produce pores as the original pore space is filled with cement to form
the rock (Eberli et al. 2003). The specific type of diagenesis controls the resulting
pore types and rock texture, and as such, affects the acoustic properties of carbonate
rocks. Anselmetti and Eberli (1993, 2001) and Kenter et al. (2002) showed that for
carbonates, acoustic velocity departures from general trends of correlation can be as
high as 2500 m/s. They attribute this to the occurrence of different pore types that
form as a result of depositional processes as well as specific diagenetic stages. Most
studies also show the poorly defined porosity-velocity trend and the large deviations
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from classic and widely used velocity transforms as the Wyllie ’time-average equa-
tion’ (WTA, Wyllie et al. 1956, 1958), Gardner’s empirical relations (Gardner et al.
1974), and the Raymer-Hunt-Gardner equation (RHG, Raymer et al. 1980). In ad-
dition, theories that describe acoustic wave propagation in porous media (Gassmann
1951; Biot 1956) are difficult to apply in the complex system of carbonates because
carbonate rocks form a variety of unique diagenetic rock textures with specific elastic
properties. Recently, studies by Baechle et al. (2003, 2004, 2005) and Adam et al.
(2006) indicate that carbonate rock-frames may be sensitive to, and show particu-
lar changes in shear modulus upon fluid saturation. All these complexities obscure
clear relationships between petrophysical properties and acoustic characteristics of
carbonate rocks.
In this paper, we examine the relationship between geological parameters and
acoustic properties of a sample set of minicores drilled from outcrop and core from
Miocene coralgal reef systems exposed on Mallorca, Spain. Ultrasonic compressional-
and shear-wave velocity measurements were performed under pressure conditions up
to 10 MPa effective pressure, at a frequency of 1 MHz. Measurements were made
on samples under dry (humidified) and fully saturated (brine) conditions. Porosity
ranges from 5 to 55%.
First, we present the data set and acquisition procedures. Second, we describe
the results from the Mallorca data set. Then, we outline the parameters that control
the acoustic properties in the Mallorca data set, and compare these with an extensive
database of petrophysical measurements on carbonate rocks. Our database covers
a wide variety of petrographic groups of carbonates and spans a wide range of dia-
genetic grades. It includes data from a number of published studies and our own
experimental data. The comparison makes use of cross plots of compressional wave
velocity vs. Poisson’s ratio, in which distinctive rock textures occupy specific do-
mains. Subsequently, we compare the particular trends within the data sets with
existing and widely used velocity models. Finally, we evaluate the acoustic behav-
ior of these carbonate rocks upon saturation as a function of rock texture using
Gassmann’s equation.
Our laboratory measurements were made at ultrasonic frequencies of 1 MHz
while seismic data sets contain lower frequencies (10-200 Hz). It is well known that
Gassmann theory works for low frequency seismic data and may perform less well
as frequencies increase toward sonic logging (∼ 104 Hz) and laboratory ultrasonic
measurements (∼ 106 Hz) (Mavko et al. 1998). Ultrasonic velocities are affected
by fluid effects because of scattering, solid-fluid inertial effects and grain-scale local-
flow effects (Mavko and Jizba 1991). Fluid saturation often causes inverse dispersion,
where velocity increases with frequency. Velocities in a dry rock are largely insensi-
tive to the frequency of measurement (Mavko et al. 1998; Khazanehdari and Sothcott
2003). Recently, Adam et al. (2006) reported on the applicability of Gassmann’s
fluid substitution theory in carbonate rocks at seismic and ultrasonic frequencies, in
dry, butane and brine saturated state. They observed clear bulk modulus dispersion
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on a set of 9 brine saturated samples analyzed using broadband measurements (3-
3000 Hz and 0.8 MHz). In addition, they identified three mechanisms affecting rock
frame sensitivity upon saturation: Surface-energy reduction and crack growth cre-
ate shear weakening (decrease of the shear modulus upon saturation), and modulus
dispersion which generates shear strengthening (increase of the shear modulus upon
saturation). The goal of this study is not to decide which frequency-dependent mod-
ulus or velocity theory is responsible for these mechanisms. We want to point out
the specific effect of rock texture on the moduli changes in the presence of rock-fluid
interaction mechanisms at ultrasonic frequencies.
8.2 Data set
Earlier work by Pomar (1991, 1993), Bosence et al. (1994), Pomar and Ward (1994)
summarizes the stratigraphic setting, sequence stratigraphic concepts, and higher
frequency cyclicity in the Miocene Cap Blanc of the Llucmajor Platform, Mallorca
(Fig. 8.1a). We have collected more than 250 samples from three field sections and
three well bores from sequences that are also superbly exposed in vertical sea-cliffs
(Fig. 8.1b). The reef complex is 150 m thick and in southwestern Mallorca pro-
graded laterally over more than 20 km. The reef complex exhibits a clear stratal
geometrical expression of the reef’s evolution and is used as an analogue for many ac-
tive exploration plays (Pomar 1993). The measured samples capture a wide range of
lithofacies and carbonate depositional environments, ranging from protected shallow
water platform over reefal to slope (Fig. 8.1b). The sediments are mostly dolomitic in
mineralogical composition (Oswald 1992). The sequence is unconformably overlain
by carbonate eolianites (Butzer, 1975, Fig. 8.1b). These silt to sand sized carbonate
grainstones show high angle foresets, soil formation, differential cementation, are
100% calcitic, and are Pleistocene in age (Clemmensen et al. 1997).
The data set is complemented with 23 data sets of which 13 have been measured
in own laboratory (Table 8.1). Four data sets have the availability of measurements
of acoustic velocities on both dry and brine saturated samples (Kenter et al. 1997a;
Assefa et al. 2003; Rogen et al. 2005; and the Mallorca data set described in this
chapter).
8.3 Methods
8.3.1 Acoustic velocity, density, porosity and permeability
Acoustic velocity, density, porosity and permeability, were measured on more than
250 samples. In the field and in the core laboratory 3.81 cm (1.5 inch) diameter
vertically oriented cylindrical samples were drilled using a water cooled diamond
coring drill. Sample ends were ground flat and parallel to within 0.01 mm. The
samples were first dried in an oven of 60 for at least 72 hours, and following let to
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Figure 8.1: a) Map showing location of Llucmajor platform on the central-southern part
of Mallorca island in the Western Mediterranean Sea (after Pomar and Ward 1999); b)
Photomosaic of the Miocene Cap Blanc with diagrammatic facies interpretation. Cliff
height is approximately 100 meters. Reef core facies, progrades out over re-sedimented
slope deposits, and is backtracked by outer- and inner- lagoonal facies. The platform is
unconformably overlain by Pleistocene dune sands. SecA, B and C refer to location of
field sections, CBA, B and C indicate the location of the boreholes extrapolated from
300 m behind the cliff face. The reef represents an exquisite example of relatively low-
relief strongly prograding coralgal reef systems, and is used as analogue for many active
exploration plays.
equilibrate 48 hours to room temperature and humidity conditions 19-21, 50-60%)
before dry measurements, as even less than 1% of water can reduce the bulk and
shear moduli significantly (cf. Mavko et al. 1998, p. 203). Following these measure-
ments, the samples were saturated with de-aired brine (35% NaCl) by storing them
in a vacuum for a period of 72 hours (∼98% saturation). Ultrasonic compressional
waves and shear waves velocities were measured as a function of pressure using a
transducer arrangement (Verde Geosciences, Vermont) that propagated a compres-
sional (Vp) and two independent and orthogonally polarized shear waves (Vs1) and
(Vs2) along the core axis. A source crystal was excited by a fast rise-time electrical
voltage pulse, producing an ultrasonic pulse with a frequency of 1 MHz, which was
recorded by a receiver crystal. Measuring the one-way travel time of the acoustic
wave along the sample axis and dividing by the sample length produced the acoustic
velocities. The arrival time of the one-way travel time was picked when the signal
exceeded a threshold voltage equal to 3% of the overall peak-to-peak amplitude of
the first three half cycles of the signal. Precision of the measured velocities is within
approximately 3% (when coupling between source and receiver crystal and core-plug
were sufficient). Obscure measurements were not used for further analyses. The ul-
trasonic measurements were conducted at five differential stresses (Pe) that ranged
from 0 to 10 MPa. Common values for confining pressures were 0 2.5, 5, 7.5 and
10 MPa. Pore pressure was kept at atmospheric pressure, 0.1 MPa. Pressure series
were identical for both dry and saturated measurements. After the first dry mea-
surement run, the samples were visually examined and sample length was inspected
to asses any deformation due to pressurization. Damaged samples were excluded
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from further analysis.
Following the acoustic measurements, bulk and dry densities were calculated
from wet and dry weights and measured cylinder volumes. A subsample was grinded
and grain densities (ρ) were measured using a Micromeritics AccuPyc 1330 helium
pycnometer. Total porosity (φ) was calculated from dry and grain density. More
detailed procedures are described by Kenter and Ivanov (1995).
Constant flux brine permeability measurements were carried out on 10 selected
samples of the Mallorca data set. In addition 3 selected samples of the data set from
Kenter et al. (1997a) were analyzed. Permeability was measured as a function of
brine flow rate over a sample, based on Darcy’s law for fluid flow through porous
media. One single value was calculated from the average of measurements at three
flow rates. Analyzes were done by Panterra Geoconsultants (Leidschendam, The
Netherlands).
8.3.2 Quantitative mineral composition
X-ray diffraction (XRD) analysis was used to identify the dominant minerals in
the rock specimens. Bulk rock samples were taken using a miniature lathe fitted
with a 0.6 mm diameter dental drill. The identification of mineral phases by X-ray
diffraction was carried out on a Philips PM1730 diffractometer installed at CEREGE
in Aix-en-Provence, France.
8.3.3 Petrographic classification
The petrographic classification scheme adopted in this paper makes use of textural
classes (granular and crystalline), and follows the classification scheme of Kenter et
al. (2007a). This classification subdivides sedimentary rock, siliciclastics and car-
bonates, on the basis of their original mineral content and their textural attributes.
This approach is similar to the one used by Vernik and Nur (1992) who developed a
petrophysical classification for siliciclastics that links fundamental rock properties,
grain-supported textures versus matrix-supported textures and diagenetic effects, to
a data set of ultrasonic measurements. The Kenter et al. (2007a) subdivision relies
on the fact that acoustic wave propagation is more effective in framework supported
textures than in granular textures. Granular here refers to depositional grains where
grain-to-grain contacts support the frame, similar to siliciclastic rocks (like poorly
cemented quartz arenites). Granular textures have various amounts of cement and
little matrix, and as a consequence, granular textures have an acoustically connected
framework which is not very efficient. This is due to scattering and loss of acoustic
energy at grain-to-grain boundaries. In crystalline textures, the frame consists of
interlocking crystals which form an efficient acoustically connected frame. These
textures have been recrystallized or cemented following deposition, most likely dur-
ing early to late burial, and thereby changing a primary grain-dominated fabric
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Table 8.1: Overview of literature data sets used for comparison and contrast with the
Mallorca data set. Pure carbonate settings (>95% CaCO3) settings, data set 1-15; Mixed
carbonate-siliciclastic (76-95% CaCO3) settings, data set 16-23. Only samples with more
than 76% carbonate content (n=1391 of 1972) were used for analysis. Note variation in
measurement parameters. 1published data; 2unpublished data; BH = bore hole; OC =
outcrop; Lst(dolo) = limestone, dominantly dolomitic; Lst(calc) = limestone, dominantly
calcite; Sst = Sandstone; Clst = Claystone; Sh = Shale; g = granular; m = mixed; c =
crystalline.
No. Author(s) Location Geological
age
BH/
OC
No.
plugs
Lithology Texture
1a Anselmetti and
Eberli 19931
Western GBB, BDP Miocene/
Pliocene
BH 89 Lst(dolo-
calc)
m
1b Anselmetti and
Eberli 19931
Maiella, Italy Cretaceous
to Miocene
OC 183 Lst c
1c Anselmetti and
Eberli 19931
Florida Bay, USA Holocene,
exp.
OC 20 Lime
mud
g
2 Biddle et al. 19921 Dolomites, Italy Triassic OC 97 Lst(dolo-
calc)
c
3 Bracco Gardner et
al. 20021
Gargano, Italy Cretaceous OC 59 Lst c
4 Kenter 19942 Djebel Bou Dhar,
Morocco
Jurassic OC 39 Lst c
5 Kenter and Ivanov
19951
Resolution Guyot,
ODP 143/866
Cretaceous BH 63 Lst(dolo-
calc)
m
6 Kenter et al. 1997a1 Blom quarry,
Netherlands
Cretaceous OC 17 Lst g
7 Kenter et al. 20031 Sierra del Cuera,
Spain
Carboniferous OC 90 Lst c
8 Kenter et al. 20021 Western GBB, ODP
166
Miocene/
Pliocene
BH 306 Lst(dolo-
calc)
m
9 Rafavich et al.
19841
North Dakota, USA Carboniferous BH 93 Lst(dolo-
calc)
c
10 Rogen et al. 20051 North Sea, Denmark Cretaceous BH 56 Lst g
11 Schwab and Eberli
20001
Miette Buildup,
Canada
Devonian OC 80 Lst(dolo-
calc)
c
12 Stafleu et al. 19951 Vercors, France Cretaceous OC 94 Lst c
13 Verwer et al. 20082 Mallorca, Spain Miocene BH/
OC
220 Lst(dolo-
calc)
c
14 Westphal 20042 Western GBB, ODP
166
Miocene/
Pliocene
BH 32 Lst(dolo-
calc)
m
15 Woodside et al.
19981
Eratosthenes, ODP
160/966-967
Miocene/
Pliocene
BH 68 Lst(dolo-
calc)
g
16 Anselmetti et al.
19971
Florida Keys, USA Miocene/
Pliocene
BH 55 Lst-SSt
17 Assefa et al. 20031 Great Oolite, UK Jurassic BH 39 Lst-SSt
18 Christensen et
al.19911
Southern Appalachi-
ans, USA
Paleozoic OC 34 Lst-
SSt-Sh
19 Kenter et al. 1997b1 Last Chance
Canyon, USA
Permian OC 50 Lst-Clst
20 Kenter et al. 20011 Last Chance
Canyon, USA
Permian OC 64 Lst-Clst
21 Kenter and Davey
19942
Pyrenees, Spain Cretaceous OC 42 Lst-Clst
22 Shams Kanshir
19941
Northern UK Carboniferous BH 48 Lst
23 Wilkens et al. 19841 Oklahoma, USA Carboniferous OC 33 Lst
181
Chapter 8
to a crystal-dominated fabric. In other words, those textures have been diageneti-
cally altered to a stage where no granular texture - and therefore touching grains -
remains. In addition, rocks with recrystallized textures (e.g. sucrosic fabric destruc-
tive dolomitization) belong to this category. Samples showing original low porosity
values (e.g. tight lagoonal carbonate mudstones) and/or intense cementation of the
pore space have highest velocities, and are also assigned to category crystalline.
Plug ends of all samples were selected for petrographical study to reveal the
sediment texture and diagenetic features. Plug ends were impregnated (Dickson
1965) with blue epoxy and thin sections were cut parallel to the longitudinal axis.
Dominant lithology and texture were assigned by evaluation of plug samples in
combination with thin sections. Thin sections were studied under plane light on a
Zeiss optical microscope. For comparison, porosity was subdivided in classes based
on Choquette and Pray (1970).
8.3.4 Predictive velocity models
To include not only the P-wave properties of a sample, but also the S-wave properties,
the Poisson’s ratio was calculated. The Poisson’s ratio, which is a specific ratio of
P-wave over S-wave velocity, is defined as the ratio of transverse contraction over
longitudinal stretching in a stretched bar and is defined as minus to compensate
for normal materials. The Poisson’s ratio influences the speed of propagation and
reflection of stress waves and is important in predicting the nature of rocks (Rafavich
et al. 1984). The Poisson’s ratio is easily deduced from the P-wave (Vp) and S-wave
(Vs) velocities directly through
ν =
(V 2p − 2V 2s )
2(V 2p − V 2s )
(8.1)
(Domenico 1995; Mavko et al. 1998, p. 52).
In this application, the Poisson’s ratio can be interpreted as representing a mea-
sure of the material response to applied stress, which is directly related to the nature
of the mineral, texture make-up of a rock and the type of pore fluid. This procedure
has been used as a method to express the dependency of pore type and mineralogy in
the past by various authors (Hamilton 1979; Ostrander 1984; Rafavich et al. 1984;
Shuey 1985; Verm and Hilterman 1995; Berg 1997; Ozel et al. 1999).
An effective solid modulus of the mineral phase is given by the averaged Hashin-
Shtrikman modulus,
Meff =
Ml +Mu
2
(8.2)
where M denotes both the bulk (K) and shear (µ) moduli, and (Ml) and (Mu) are the
Hashin-Shtrikman lower and upper bounds, respectively (Mavko et al. 1998). The
model is based solely on knowledge of the mineral constituents and the proportions
of each mineral phase present (in this case calcite and dolomite), and has been
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shown to provide a reasonable estimate of the effective modulus when the elastic
moduli of the individual minerals are similar (Knackstedt et al. 2005). The XRD
measurements are used as input for the proportions present of the mineral phases.
Hashin-Shtrikman average modulus is used in the following rock models.
Popular transforms for porosity-to-velocity transformations are the Wyllie time
average equation (WTA, Wyllie et al. 1956), or the modification to the time-average
equation of Raymer et al. (RHG, Raymer et al. 1980). The WTA states that the
total transit time is the sum of the transit times of the elastic wave in the mineral
(Vpmin) and in the pore fluid (Vpfl) at a certain porosity (φ):
1
Vp
=
φ
Vpfl
+
1− φ
Vpmin
(8.3)
Raymer et al. (1980) proposed a modification to the time-average equation for low
porosities:
Vp = (1− φ)2Vpmin + φVpfl (8.4)
Gassmann’s fluid substitution equation is commonly applied to predict the bulk
modulus for rocks saturated with different fluids:
Ksat = Kdry +
(1− KdryKmin )2
φ
Kfl
+ 1−φKmin −
Kdry
K2min
(8.5)
Gassmann’s equation (8.5) estimates the saturated bulk modulus (Ksat) through
the bulk modulus of the forming minerals (Kmin), the bulk modulus of the frame
or dry rock (Kdry), the bulk modulus of the fluid (Kfl), and the rock porosity (φ)
(Gasssmann 1951). The measured dry ultrasonic velocities are used as input values
for Kdry. The Hashin-Shtrikman average (Meff of equation 8.2) calculated from the
XRD measurements is used for Kmin. Following the saturated compressional wave
velocity can be calculated using:
Vp =
√
Ksat + 43µ
ρ
(8.6)
Gassmann’s derivation is based on the following assumptions of a porous system
(Gassmann 1951; Han and Batzle et al. 2004):
1. Pore pressure is in equilibrium between pores. This can be achieved at very
low frequencies, usually at seismic frequencies or lower, where the fluid has
enough time to reach relaxation of equilibrium. However, the relaxation time
depends also on fluid viscosity and density, and rock permeability.
2. The porous frame consists of a single solid material (monomineralic).
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3. Fluid bearing rock is completely saturated and pores are in flow
communication.
4. The system is closed (undrained).
5. The pore fluid does not chemically influence the solid frame.
To asses the errors associated with measurement the standard deviations of ul-
trasonic velocities and of elastic moduli were estimated by error propagation. The
ends of the samples are flattened within 0.01 mm. When the length is repeatedly
measured no significant variability is observed, so we consider the length less than
0.01 mm. The precision of the measured velocities is within 3%. We estimate the
standard deviation of the density to be within 0.5%. The estimate standard devia-
tions (σ) are as follows: σVp = 323 m/s, σVs = 17 m/s, σK = 1.04 GPa and σµ
= 0.47 GPa. Error in porosity can originate from accuracy of the balance (within
0.001 g), accuracy of the length (within 0.01 mm), and grain density measurement
(average σ = 0.05 g/cm3). Error in porosity is estimated to be approximately 1%.
8.4 Results
8.4.1 Physical properties
Maximum P- and S-wave velocities are reached at confining pressures of 3.0-4.0
MPa, after which only a minimal increase of velocity is observed (Fig. 8.2). No
information is present as to what effective stress, or maximum burial before removal
of overlying sediment, the formation has been subjected to. However, some of the
plugs consisting of more friable slope lithofacies disintegrated before reaching 10
MPa effective stress (c. 350 m burial). Therefore, it can be concluded that the
formation has not been buried more than 350 meters, and the velocities obtained at
10 MPa can be regarded as terminal velocities (Bourbie´ et al. 1987).
Figures 8.3a and b show P-wave velocities versus porosity and versus density
of the Mallorca data set in comparison with a scatter plot of over 1391 samples
collected from the literature and from own experiments. The data set includes
pure carbonate (limestone and dolomite) and mixed-carbonate/clastic specimens up
to 24% non-carbonate material (Kenter et al. 2007a; Table 8.1, note variation in
measurement parameters). Over the cross plot of porosity vs. velocity the WTA and
the RHG equations are superimposed (matrix velocity of dolomite, see Table 8.2).
In addition, the empirical Gardner equation, and the Anselmetti-Eberli equation for
limestones (Anselmetti and Eberli, 1993) are shown over the cross plot of density vs.
velocity. The Mallorca data clearly forms a subset: Velocities at any given density
and porosity value are higher.
The measured carbonates of the Mallorca samples have an extraordinarily wide
range in velocities. P-wave velocity ranges from 2500 and 6700 m/s, S-wave velocity
between 1500 and 3900 m/s for the dry samples. For the saturated samples, P-wave
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Figure 8.2: Examples of pressure dependence of dry and saturated velocity measurements.
a) Compressional wave velocity (Vp); b) shear wave velocity (Vs). Only minimal increase
in velocity is observed with increasing effective pressure. This indicates that velocities
obtained at 10 MPa can be regarded as terminal velocities (Bourbie´ et al. 1987).
velocity varies between 2700 and 6700 m/s, and S-wave velocity between 1500 and
3800 m/s (Fig. 8.4a to d). Porosity ranges from 3% to 55%, and bulk density
ranges between 1.28 and 2.69 g/cm3 for dry samples, and 1.82 g/cm3 to 2.74 g/cm3
for saturated samples. Generally, velocities display a nearly linear increase with
increasing density; and a decrease with increasing porosity (Fig. 8.4 a to d). The
scatter in velocity of samples with the same porosity can be as high as 1500 m/s for
P-wave velocity and S-wave velocity.
P-wave velocities of the brine saturated samples are generally higher than the dry
samples (up to 6% higher, mean absolute increase 75 m/s, σ=60 m/s), but samples
with lower saturated P-wave velocities are also occurring (up to 6% lower, mean
absolute decrease 59 m/s, σ=43 m/s; for the whole data set the average increase is
1%). Most of the S-wave velocities are lower in the saturated samples (82% of the
Table 8.2: Matrix properties of water, calcite, and dolomite used in calculating the effective
medium in the WTA and RHG equations and in Gassmann fluid substitution modeling.
Mineral Bulk Shear Density Vp Vs Poisson’s Reference
modulus modulus ratio
(GPa) (GPa) (g/cm3) (km/s) (km/s)
Brine 2.3 0 1.04 1.5 0 - Mavko et al. 1998
Calcite 76.8 32.0 2.71 6.64 3.44 0.31 Simmons and
Wang 1987
Dolomite 94.9 45.0 2.87 7.34 3.96 0.29 Humber and
Plinque 1972
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Figure 8.3: Porosity (a) and density (b) vs. saturated compressional wave velocities of
the Mallorca data set in comparison with a scatter plot of 1391 samples collected from
the literature and from own experiments. The Mallorca data group (black stars) shows
considerable higher velocities (up too 1500 m/s) at given porosity or density. Superimposed
are the Wyllie time-average equation (WTA), and Raymer modified time-average equation
(RHG) equation for porosity (calculated for a matrix velocity of dolomite 7340 m/s), and
the Gardner and Anselmetti-Eberli (Ans-Ebl) equations for density. See table 1 for an
overview of the literature data sets and remark variation in measurement parameters.
total, up to 17% decrease, mean absolute decrease is 86 m/s σ=64 m/s), however,
samples with higher S-wave velocities also exist (up to 6%, mean absolute increase
45 m/s, σ=38 m/s; the average increase is 3%) (Fig. 8.4e). The mean percentage
deviation of the averaged orthogonal polarized S-waves for the dry samples is 4
percent (mean absolute deviation 27 m/s, σ=42 m/s). For the saturated samples
the mean deviation is 4 percent (mean absolute deviation 24 m/s, σ=26 m/s) (Fig.
8.4f).
The Poisson’s ratios exhibit a range of values from 0.2 to 0.4 (mean is 0.26) under
dry conditions and 0.2 to 0.4 (mean is 0.28) for the saturated conditions. Poisson’s
ratios of saturated samples are higher than those of dry samples (percent average
increase is 10%), and the change in Poisson’s ratio upon saturation increases with
porosity (Fig. 8.4g).
Wet bulk moduli are all higher than dry bulk moduli (mean increase 4.51 GPa).
Most wet shear moduli are higher than dry shear moduli (94%, mean increase 1.40
GPa), but a smaller part of the data set shows lower wet shear moduli than dry
shear moduli (6%, mean decrease 1.42 GPa).
Permeability in the Mallorca data set ranges between 0.01 mD for one lagoonal
sample (16% porosity) to 514 mD for one slope sample (48% porosity). For three
selected skeletal grainstone samples from the Kenter97 data set (Kenter et al. 1997a),
permeability was 1837 mD (34% porosity), 404 mD (31% porosity) and 2237 mD
(43% porosity).
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XRD patterns indicate the presence of the following minerals: Low- and high
magnesium calcite, dolomite, aragonite and minor traces of salt and heavy minerals
(both less than 2%).
8.4.2 Geological parameters of the Mallorca data set
In carbonates, acoustic velocity is controlled by the combined effect of 1) the depo-
sitional lithology of the sediment and 2) the diagenetic alterations. Carbonate rocks
are prone to rapid diagenetic alteration, and primary fabrics are quickly overprinted
by recrystalization and the formation of cements. There are two distinctive diage-
netic features in the Mallorca reef complex (Pomar 1995) which overprint original
depositional rock fabric: 1) An extensive secondary porosity produced by dissolution
of originally aragonitic constituents, and 2) pervasive dolomitization. The dissolution
of all aragonitic constituents leaves most of the original framework only by external
and internal molds (Fig. 8.5ab); for instance at coral colonies that were first buried
by sediment and subsequently dissolved from in between the lifthified sediment (Fig.
8.5c). Grains and cements that consisted originally of low Mg-calcite are generally
better preserved (mainly calcitic parts of bivalves). Most replacement dolomite is
microcrystalline (1-5 µm); thus original textures generally are well-preserved. In
the forereef-slope facies, however, parts are pervasively recrystallized obscuring the
original texture, leaving a ’negative print’ of the original composition. Nearly all
dolomitized rocks also have euhedral to subhedral dolomite cements (0.02-0.15 mm)
precipitated in original pores and in secondary pores (Fig. 8.5cf). For most samples,
pore-lining cements are one crystal wide; in a few places some pores are occluded
by dolomite cement. In lagoonal environments, locally, pores are occluded by clear
calcite cement. The eolianites show alternations of relatively immature uncemented
and calcite cemented intervals (Fig. 8.5gh).
Texture class was assigned using granular and crystalline following Kenter et
al. (2007a). Granular refers to depositional grains where grain-to-grain contacts
support the frame (Fig. 8.5a). The granular textures have little cement or matrix.
This results in typical low P-wave velocities with relatively low S-wave velocities.
As a consequence granular textures display high Poisson’s ratios in saturated state.
Rocks with crystalline textures have relatively high elastic moduli. These textures
have been recrystallized and/or cemented following deposition, thereby changing the
primary grain-dominated fabric to a crystal-dominated fabric. Some rocks consist
almost purely of a framework of cement around the molds (Fig. 8.5b) or their orig-
inal mud matrix is finely recrystallized (Fig. 8.5f). This well connected framework
has low to high P-wave velocities with relatively high S-wave velocities resultant in
low Poisson’s ratios. Samples showing original low porosity values or intense cemen-
tation of the pore space have highest velocities and are also assigned to category
crystalline (Fig. 8.5f). These samples have high P-wave velocities and intermedi-
ate to high S-wave velocities, resultant in intermediate Poisson’s ratios. Most of
the Mallorca samples are classified crystalline (71%), except for some slope, inner-,
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and outer lagoonal samples which have undergone only partly recrystalization and
dolomitization and are classified granular (29%). The eolianite samples are pure cal-
citic, have granular textures, and show various degrees of calcite cementation (Fig.
8.5gh).
8.5 Discussion
8.5.1 Controls on acoustic properties
In siliciclastic sediments, where variation in mineralogy (e.g. clay- and quartz-
content) is large, mineralogy has more influence on velocity variations than in car-
bonates (Christensen and Szymanski 1991; Braaksma et al. 2003). For the Mallorca
data set, Figure 8.6a shows a cross plot of porosity versus dry compressional wave
velocity with dolomite content superimposed. The plot shows that there is no cor-
relation between dolomite content and velocity at a given porosity, corroborating
results by Anselmetti and Eberli (1993). Consequently, the wide range of P-wave
and S-wave in the Mallorca data set must be explained by differences in rock texture,
and not by variation in mineralogy of the rocks.
Anselmetti and Eberli (1993, 2001) and Kenter et al. (2002) recognized that
porosity is the main controlling factor in determining acoustic velocity in carbon-
ate rocks, but that, in addition, pore type explains why rocks with equal porosity
can have very different velocities. Traditionally, pore type is determined from thin
sections. In this approach the pore space (i.e., the fraction of holes in the rock) is di-
vided into classes (e.g. Choquette and Pray 1970; Lucia 1983, 1995). However, since
thin sections are only 2D representations of a 3D medium, and porosity in carbonates
forms a complex network, coupling between acoustic properties and dominant pore
type often fails (Van den Berg 1997; Lonoy 2006). In addition, pore type character-
ization is a qualitative process where assigning dominant pore type is difficult due
to the presence of combinations of pore types and also because it remains subject to
interpretation. Figure 8.6b show a cross plot of porosity vs. P-wave velocity. The
Maiella (Italy) data set consists of a small number of samples with high porosity
bioclastic sands (up to 30%) dominated by between particle pore types, whereas
most of the samples are platform deposits which are densely cemented (Anselmetti
Figure 8.4 (facing page): =⇒Mallorca data set. a) Cross plot of porosity vs. compressional
wave velocity; b) cross plot of density vs. compressional wave velocity; c) cross plot of
porosity vs. shear wave velocity; d) cross plot of density vs. shear wave velocity; e) Cross
plot of porosity with the ratio of brine saturated over dry velocities. Vp shows limited
increase in saturated velocities, where Vs shows overall lowering of shear velocity upon
saturation; f) Cross plot of separate orthogonal polarized saturated shear wave velocities.
The mean percentage deviation of the averaged orthogonal polarized shear waves for the
samples is 4 percent; g) Cross plot of porosity vs. dry and saturated Poisson’s ratio.
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and Eberli 1993). The Kenter97 data set from Limburg (The Netherlands) consists
of highly porous (30-50%) skeletal grainstones with varying amounts of meniscus
cement. The dominant pore type is between particle (Kenter et al. 1997a). The
Assefa (England) data set is made up of oolitic and skeletal grainstones (up to 17%
porosity) with varying amounts of cementation. It is dominated by between particle
porosity, but also includes samples with moldic pores (Assefa et al. 2003). The
Rogen (North Sea) data are chalk samples with porosities between 14 and 45%, and
between particle and between crystal porosity (Rogen et al. 2005). Within the Mal-
lorca data set, in the cross plot, no clear trends of influence on velocity of particular
pore types (between particle, between crystal, and moldic) are revealed. It is clear
from the cross plot that velocities of the Mallorca data are higher than for any of the
literature data sets plotted for reference at any given porosity (Fig. 8.6b). One ob-
servation is that the data sets dominated by between particle porosity generally have
lower velocities than data sets with pore types associated with diagenesis, such as
moldic porosity types and densely cemented samples. However, the overall scatter in
the data cloud, for calcite and dolomite limestones, indicates that with classical pore
type determination it is difficult to explain acoustic behavior of carbonate rocks. In
this paper, therefore, we made use of rock texture discrimination divided into the
classes granular and crystalline. The principal point in this petrophysical classifi-
cation is establishing whether the rock is grain supported or frame supported. In
other words, the type of framework, through which acoustic waves propagate, was
evaluated.
Poisson’s ratio has been used as a method to express the dependency of pore
type and mineralogy in the past by various authors (Hamilton 1979; Ostrander 1984;
Rafavich et al. 1984; Shuey 1985; Verm and Hilterman 1995; Berg 1997; Ozel et al.
1999). In compressional wave velocity - Poisson’s ratio space, the specific effects of
texture on the elastic properties can be determined. Figure 8.7a shows a cross plot
of dry compressional wave velocity vs. dry Poisson’s ratio. In this plot, data sets
from literature and this case study (Table 8.1, note variation in measurement para-
meters) plot in particular regions. The Mallorca data points classified as granular
texture, and data sets such as the Kenter97, Rogen and part of the Assefa data set,
are situated in the lower left quadrant of the plot (P-wave velocity lower than 4500
m/s with Poisson’s ratio below 0.28). The remaining space within the plot (P-wave
velocity higher than 4500 m/s, and Poisson’s ratio above 0.28 with P-wave velocity
Figure 8.5 (facing page): =⇒ Overview of rock fabrics. Slope facies: Grainstone with
skeletal and redalgal fragments. Recrystallized but granular texture partly retained (a),
and recrystallized grainstone, leaving only micritic rims lining original fragments (b); Reef
core facies: Coral-algal boundstone with encrusting red algae overgrowing coral (c), algal
boundstone (d); Lagoonal facies: Grainstone-packstone with foraminifers and skeletal frag-
ments (e), and wacke- to packstone with minor algae and skeletal components (f). Eolianite
facies: example of immature dune sand (g) and (calcite) cemented dune sand (h).
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Figure 8.6: a) Cross plot of porosity and dry compressional wave velocity with dolomite
content superimposed. No clear relationship exists between dolomite content and velocity;
b) Cross plot of porosity vs. saturated compressional wave velocity differentiated for domi-
nant pore type for the Mallorca data set (BP, between particle; BC, between crystals; MO,
moldic; Choquette and Pray 1970). Literature data sets plotted for reference. Classical
pore type characterization for the Mallorca data group fails to reveal trends in acoustic
behavior related to specific pore type.
lower than 4500 m/s) is occupied by Mallorca samples and data sets classified crys-
talline. Immature rocks (e.g. Kenter97) show considerable higher Poisson’s ratios
at a given dry P-wave velocity (below 4500 m/s velocity) than more mature data
sets (e.g. the Rogen data set). Both data sets have dominant calcite mineralogy and
both were measured at equal pressures using ultra sonic frequencies. The variability
in Poisson’s ratio values at given dry P-wave velocity values, but especially the sharp
decrease in values of the Rogen data, shows that for these types of carbonate rocks
the dry rock Poisson’s ratio cannot be approximated by the mineral Poisson’s ratio.
Upon saturation the distribution of the data points within the cross plot changes.
Reviewing the cross plot of compressional wave velocity and Poisson’s ratio in Figure
8.7b one observes an overall v-shaped trend. Carbonates in the upper part of the
left wing of the v-shaped region (i.e., low P-wave velocities, relatively low S-wave
velocities, i.e. Poisson’s ratios higher than 0.28) typically have granular textures,
whereas those in the quadrant on the lower left, and the whole right wing of the v-
shaped area, have crystalline textures (i.e., low to high P-wave velocities, relatively
high S-wave velocities). The mud- and wackestones of Rogen et al. (2005) and the
uncemented grainstones (Kenter97) of Kenter et al. (1997a) are positioned in the
upper left quadrant of the v-shaped wing. The partly cemented oolitic grainstones
of Assefa et al. (2003) are located in the center of the space where less cemented
grainstones plot to the left of the median (P-wave velocity of ∼4500 m/s), and more
intensely cemented and oomoldic samples to the right. The Mallorca data set is
dominantly situated in the lower left quadrant of the plot and right hand part of the
v-wing. Due to pervasive recrystallization the Mallorca data set shows a principal
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crystalline behavior. Finely recrystallized slope skeletal grainstones plot in the lower
left quadrant of the space (below 0.28 Poisson’s ratio, Fig. 8.5b). Coarse recrystal-
lized moldic and densely cemented samples are located in the right part of the space,
mainly corresponding to reefal and lagoonal lithofacies (Fig. 8.5c to f). Granular
textures in the Mallorca data set are represented by some slope and lagoonal samples
which retained their original granular texture, or were only partly affected by diage-
nesis (above 0.28 Poisson’s ratio, Fig. 8.5a). Also the eolianites of the Mallorca data
set can be found in the upper left quadrant (granular texture) and in the central
area of the space, depending on degree of cementation (Fig. 8.5gh). Finally, densely
cemented samples from the Maiella (Anselmetti and Eberli 1993) plot in the high
velocity interval with intermediate Poisson’s ratio, indicative for crystalline or fully
cemented textures with low porosity. Figure 8.7c shows the porosity distribution in
compressional wave velocity - Poisson’s ratio space. Dominant trend is that porosity
decreases with increasing P-wave velocity. Below 4500 m/s P-wave velocity, 0.28
Poisson’s ratio, however, porosity does not decrease linearly with increasing P-wave
velocity. Highest porosity rocks occur at Poisson ratios below 0.28. This indicates
that at high porosity here, S-wave velocity is relatively high compared to P-wave
velocity. These samples correspond to high porosity recrystallized textures, where
the crystalline frame provides a body with effective S-wave propagation at low quan-
tity of solid medium. Superimposed are selected permeability measurements from
the Kenter97 (triangles) and Mallorca data set (squares). Granular textures of the
Kenter97 show highest permeabilities, up to 2237 mD at 43% porosity. Permeabil-
ity decreases with decreasing porosity (increasing cementation) to 404 mD at 31%
porosity. High permeabilities in the Mallorca data set correspond to high porosity
crystalline textured samples (306 to 761 mD, 42 to 48% porosity). Relatively low
and lowest permeabilities correspond to high velocity - crystalline textured samples
and range from 85.7 to 0.01 mD at 4220 to 6559 m/s (32 to 13% porosity).
From the cross plots of compressional wave velocity vs. Poisson’s ratio (Fig. 8.7)
a number of observations can be made. A first observation is that granular textures
display much larger changes in Poisson’s ratio than crystalline textures upon sat-
uration. Mean increase in Poisson’s ratio of data groups with granular textures is
0.12, whereas the increase in Poisson’s ratio of the crystalline data group is only
0.02. The second is that in the cross plot of saturated compressional wave velocity
vs. Poisson’s ratio a general diagenetic trend is that a transition around 4500 m/s
in velocity and 0.28 Poisson’s exists. At this value there is a change from granular
to crystalline textures. In other words, true granular textures will not show velocity
values higher than this threshold (higher velocities and low to high Poisson’s ratios)
and fully cemented and fabric preserving coarsely recrystallized textures generally
show velocity values higher than this limit. High porosity recrystallized textures
plot in the lower left quadrant (P-wave velocity lower than 4500 m/s and below 0.28
Poisson’s ratio). This is schematically illustrated in Figure 8.8. In yellow color the
domain of granular rock textures is illustrated. The crystalline domain is marked
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by blue shades. The figure shows paths of different diagenetic processes in carbon-
ate sediments. During the early stages of diagenesis, porosity reduction causes a
decrease in Poisson’s ratio (see also Wilkens et al. 1984). This trend is represented
by a movement downwards from the upper left quadrant towards the center of the
plot. For example, within the Kenter97 data set skeletal grainstones show a 12
percent increase in cement (12 percent decrease in porosity, no change in grainsize)
correlates to an increase of P-wave velocity by 790 m/s (33%), S-wave velocity by
525 m/s (45%) and Poisson’s ratio decreases by 0.025 (7.5%). Identically, eolianite
grainstone examples from the Mallorca data set display decrease in Poisson’s ratio
of 0.048 (15%) and increase of P-wave velocity by 1794 m/s (35%), S-wave velocity
by 1161 m/s (69%), accompanied by a decrease in porosity by 23 percent (from 45
to 22%). Following normal maturation, the rock will be cemented during burial,
with increase in velocity and slightly increasing Poisson’s ratio (crystalline field, e.g.
the Maiella data set in Fig. 8.7b). This trend is represented by a movement from
the centre of the plot upwards to the right part of the diagram. The transition from
granular to crystalline textures occurs around 4500 m/s saturated P-wave veloc-
ity and 0.28 Poisson’s ratio. From this point onwards with increasing cementation,
Poisson’s ratio slightly increases with increasing velocity towards ∼0.3 Poisson’s ra-
tio, in contrast with the decrease in Poisson’s ratio during the early maturation of
the rock. Towards zero porosity the Poisson’s ratio of the carbonate minerals is
approximated by the Poisson’s ratios of pure calcite and dolomite, 0.31 and 0.29 re-
spectively (Table 8.2). Recrystalization, and dissolution followed by reprecipitation,
may occur at any time and alter the rock (crystalline field). For example, during
dolomitization interlocking crystals create a frame which positively influences S-wave
propagation. Synchronously, the recrystalization process, with porosity increase, is
responsible for a decrease in P-wave velocity with specific lower Poisson’s ratio as
result. Sucrosic dolomitization has specific fabric destructive effects which decreases
P-wave velocity more than S-wave velocity, also resulting in a decrease in Poisson’s
ratio. At any given porosity, fabric preserving dolomitization may positively influ-
ence P-wave velocity due to the higher matrix velocity of dolomite compared to
calcite, but because of the frame strengthening by the large interlocking dolomite
crystals, S-wave increases more than P-wave velocity. Cementation following disso-
lution may increase velocities again, but because a stiff frame is already in place,
the Poisson’s ratio remain relatively low (crystalline field). Vuggy dissolution (if not
accompanied by renewed precipitation) will increase porosity and decrease velocity,
while the texture will remain the same. The transition from granular rock texture
to crystalline rock texture is not one sharp single threshold but a gradual boundary
(of ∼250-500 m/s around 4500 m/s, 0.28 Poisson’s ratio) over which rock texture
changes. Processes like cementation or dissolution may have different positions in
the diagram depending on the timing of the successive events, but the trend of the
path is the same for a certain process (Anselmetti and Eberli 2001). Original fabric
and diagenetic overprint result in the final rock texture, and are now extractable
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Figure 8.8: Cross plot of saturated compressional wave velocity vs. Poisson’s ratio. Paths
of different diagenetic processes in carbonate sediments (after Anselmetti and Eberli 2001).
The first trend is that acoustic wave velocity (both P- and S-wave velocity) increases and
Poisson’s ratio decreases with compaction (granular textures, yellow field). Following nor-
mal maturation, the rock will be cemented during burial, with increase in velocity and
slightly increasing Poisson’s ratio (crystalline textures, blue field). Dissolution and repre-
cipitation may occur at any time and alter the rock with porosity increase, P-wave velocity
decreases and specific lower Poisson’s ratio as result (crystalline textures, blue field). Ce-
mentation following dissolution may increase velocity again, remaining in lower Poisson’s
ratio (crystalline field, blue field). Transition from granular to crystalline texture occurs
around 4500 m/s in velocity and 0.28 Poisson’s ratio. This is not one sharp threshold but
a gradual boundary over which dominant rock texture changes. Photomicrographs illus-
trate examples of particular rock textures: a poorly cemented skeletal grainstone (upper
left, Kenter et al. 1997); a recrystallized skeletal grainstone (lower left, this manuscript);
a SEM image of a chalk (upper right, Rogen et al. 2005); a densely cemented skeletal
grainstone (lower right, Kenter et al. 1994).
from acoustic data alone. This may also have direct implications for the predic-
tion of permeability. Where granular textures usually have high pore connectivity
permeability is higher, particular recrystallized textures may have intermediate to
low permeability, and cemented samples are characterized by poorly connected pore
systems and low permeabilities (Fig. 8.7c). To asses this direct relationship between
rock texture and permeability in more detail much is expected from new techniques
such as high resolution micrometer x-ray computer tomography scanning of selected
plug samples which capture pore networks and rock textures numerically, and acous-
tic connectivity and permeability can be calculated (Arns et al. 2002; Laroche and
Vizika 2005; Kenter et al. 2007b).
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8.5.2 Velocity models
Theoretical and predictive equations relating compressional and shear-wave veloc-
ities to various petrophysical parameters are widely used in industry applications
and thoroughly discussed in literature (Mavko et al. 1998). These relative simple
equations correlate velocity with density, or velocity with porosity, in absence of
one of those parameters. These relationships, however, are an oversimplification of
reality and cannot adequately explain the scatter in velocity at any given particular
porosity or density.
In Figure 8.3a the WTA and the RHG equations (calculated for a matrix velocity
of dolomite 7340 m/s) are superimposed over a cross plot of porosity with P-wave
velocity of the global data set and the Mallorca data set. The Mallorca data set does
not follow the predicted trends. Figures 8.9a and 8.9b show cross plots of measured
against modeled P-wave velocity for the Mallorca samples using the WTA and the
RHG equations. From this we observe that both equations underestimate the mea-
sured velocity by more than 25 (for the RHG) and 50% (for the WTA) on average.
Figure 8.3b shows a cross plot of density with velocity of the global data set with
the Gardner limestone and Anselmetti-Eberli trendline for carbonates. The Gardner
limestone trend underestimates the velocities at any given density for the global data
set, whereas the Anselmetti-Eberli line provides a fair approximation (Fig. 8.3b).
The positive deviation of the Mallorca data is due to the dominant crystalline nature
of the data set: where grains are recrystallized to form one connecting framework,
propagation of acoustic energy is more efficient and higher velocities result.
Gassmann’s (1951) equations are commonly used to predict velocity changes re-
sulting from different pore-fluid saturations. It makes use of the bulk modulus of
the dry rock, which is not dispersive, to predict the saturated rock modulus. Figure
8.9c shows the increase in bulk modulus due to saturation. Using the quantitative
mineralogical data and the measured dry velocities it is now possible to model the
fluid saturated velocities. Figure 8.9d displays a cross plot of measured compres-
sional wave velocity versus Gassmann calculated velocity. The Gassmann equation
under-predicts the measured saturated P-wave velocities for 83% of the samples.
Thirty eight percent of the samples are under-predicted by more than 3%. Seven-
teen percent of the samples show P-wave velocity over-prediction as calculated by
the Gassmann equation. These are predominantly samples with measured P-wave
velocities below 3500 m/s and correspond to rocks with granular textures. Seven
percent is over-predicted by more than 3%. Figure 8.9e shows a cross plot of the
ratio of saturated compressional wave velocity over Gassmann calculated velocity
versus the ratio of shear modulus change. In the Mallorca data set, the ratio of
saturated shear modulus over dry shear modulus varies between 0.80 and 1.3. This
variation indicates that both shear strengthening and shear weakening occur due to
saturation. Not taking into account pore pressure changes here, in general, fluid
saturation is expected to increase the compressional wave and decrease the shear-
wave velocities of isotropic porous media (Khazanehdari and Sothcott 2003). This
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is believed to be due to greater increase in the bulk modulus than in the density and
presumably no effect on the shear elastic modulus (Tutuncu et al. 1998; Khazane-
hdari and Sothcott 2003). For the Mallorca data set, we observe that where shear
strengthening occurs, Gassmann’s equation under-predicts the measured saturated
P-wave velocities. Samples which show shear weakening display Gassmann over-
prediction (Fig. 8.9e). The error in calculated velocities is independent of porosity
(Fig. 8.9f).
8.5.3 Matrix rigidity change and rock texture
Kenter et al. (1997a), Assefa et al. (2003) and Rogen et al. (2005) measured
effects of water saturation on shear modulus on poorly cemented skeletal grainstones,
oolitic grainstones and packstones, and chalk samples respectively. These data sets
show a consistently lower shear modulus for saturated samples than for dry samples.
Saturated shear moduli for chalk samples from the North Sea (Rogen et al. 2005)
were on average 0.5 GPa lower, and Jurassic oolitic grainstones and packstones
(Assefa et al. 2003) show up to 2 GPa reduction in shear modulus. Kenter97
samples show a 0.7 GPa average decline in shear modulus upon saturation. As
described before the Mallorca data set displays wet shear moduli which are higher
than dry shear moduli (94%, mean increase 1.40 GPa); and a smaller part of the data
set shows lower wet shear moduli than dry shear moduli (6%, mean decrease 1.42
GPa). Among mechanisms responsible for matrix rigidity change, it has been widely
observed that water has a specific weakening effect on rocks compared with dry media
(e.g. Boozer et al. 1962; Rutter 1972, Wiederhorn et al. 1982). It is also know that
recrystallization or cementation increases the rock strength resulting in an increase
in both bulk and shear moduli (Mavko and Jizba 1994). The induced changes on
the moduli have been attributed to several rock-fluid interaction effects, including
viscous coupling, reduction in free surface energy and dispersion due to local flow (cf.
Khazanehdari and Sothcott 2003 and Adam et al. 2006). This results in either a net
increase (strengthening) or net decrease (weakening) of the elastic moduli of rocks,
with subsequent effect on their acoustic velocities. Another mechanism accounting
for shear modulus increase was illustrated by Berryman (2005). He showed that
anisotropy can account for an increase in shear modulus, up to 10 to 20 percent (in
cracked or fractured materials, pores are liquid filled). For the Mallorca data set the
mean percentage deviation of the averaged orthogonal polarized S-waves was shown
to be 4% and as such the last mechanism cannot account for the observed shear
modulus increase.
Figure 8.10a shows a cross plot of density with compressional wave velocity of the
Kenter97, Assefa, Rogen, and Mallorca data sets. It shows the relative position of the
four data sets with the Mallorca sample group having particular higher P-wave ve-
locities than the three other data sets. Figure 8.10b displays a cross plot of the ratio
of saturated compressional wave velocity over Gassmann calculated velocity versus
the ratio of shear modulus change. Here we observe that the data sets with granular
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Figure 8.9: Cross plot of Wyllie time-average (a) and Raymer modified time-average equa-
tion (b) measured versus modeled saturated compressional wave velocity; c) Cross plot
of dry (DBM) vs. wet bulk modulus (WBM); d) Cross plot of measured compressional
wave velocity vs. Gassmann calculated velocity. Gassmann generally under-predicts the
measured velocity for the Mallorca data set; e) Cross plot of the ratio of wet compressional
wave velocity over Gassmann calculated velocity vs. the ratio of shear modulus change
(WSM./DSM). In the Mallorca data set the ratio of wet shear modulus over dry shear
modulus varies between 0.80 and 1.3 displaying that shear modulus changes with satura-
tion; f) Cross plot of porosity vs. the error in Gassmann calculated velocity. The general
under-prediction of calculated velocities is independent of porosity.
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rock texture, the Kenter97, Rogen and Assefa data sets and a limited number of
samples from the Mallorca data set, show shear weakening and saturated velocities
calculated with Gassmann equation are over-predicted. The Mallorca data set is
classified predominantly as crystalline and displays shear strengthening; predicted
velocities calculated by the Gassmann equation are too low. This corroborates initial
results reported by Baechle et al. (2005) who showed that recrystallized-vuggy car-
bonates display shear strengthening and under-prediction of Gassmann calculated
velocities; whereas grainstones (with microporosity) show shear weakening and over-
prediction of Gassmann calculated velocities. These effects imply that the change in
shear modulus of the rock upon saturation, in the presence of rock-fluid interaction
mechanisms, is coupled to the rock texture of the rock. Typical granular carbonates
are prone to shear weakening, as the pore fluid is more efficient in creating rock-fluid
interactions in between grains. Crystalline and cemented textures are susceptible to
shear strengthening, as the pore fluid is less capable to affect the acoustic connec-
tions and causes less velocity change. Finally, we should be aware that moduli in
carbonate rocks can have significant dispersion, affecting the applicability of Gass-
mann’s fluid-substitution theory at ultrasonic frequencies (Mavko et al. 1998). The
here documented relationship that granular textures are prone to more shear modu-
lus decrease upon saturation than crystalline textures is, however, expected to hold
over the whole experimental frequency domain (0-106 Hz): If measurements under
ultrasonic frequencies are affected by inverse dispersion (i.e., resulting in faster ve-
locities), the samples which show shear strengthening, when corrected for dispersion
effects (i.e., low-frequency equivalent velocities), will move towards less Gassmann
overprediction. When applying the same frequency-dispersion correction to granular
textures, it is expected that the shear modulus will continue decreasing substantially
more upon saturation than crystalline textures; remaining aware that no need iden-
tical rock-fluid interaction mechanisms to act across different rock textures. These
matters may need to be considered in inversion, amplitude-versus-offset or time-lapse
seismic analysis to obtain reliable and consistent results.
8.6 Summary and conclusions
Comparison of acoustic velocity data, mineralogy, porosity, and rock texture of more
than 250 plug samples from outcrop and nearby boreholes from the Miocene Cap
Blanc, Mallorca, Spain and data sets from literature yielded the following results.
 Primary control on the acoustic properties is exerted by porosity. Widely used
porosity-velocity transforms, such as the Wyllie time-average equation and the
Raymer modified time-average equation fail to explain the observed scatter in
velocity at given porosity. The velocities for the Mallorca data set are generally
under-predicted by these methods.
 Distinctive changes in Poisson’s ratio (as deducted from P-wave velocity and
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Figure 8.10: a) Cross plot of wet bulk density (WBD) vs. saturated compressional wave
velocity shows the relative position of the three data sets with the Mallorca sample group
having particular higher compressional wave velocities than the two other data sets; b)
Cross plot of the ratio of saturated compressional wave velocity over Gassmann calculated
velocity vs. the ratio of shear modulus change (WSM./DSM). Data sets which show shear
weakening display Gassmann over-prediction; whereas the Mallorca data set is dominated
by shear strengthening and subsequent under-prediction of Gassmann calculated velocities.
S-wave velocity) can be correlated to the diagenetic processes in carbonate
rocks. The variation in Poisson’s ratio can be explained by textural parameters:
granular versus crystalline rock textures. Dry rocks with granular textures have
P-wave velocities below 4500 m/s and Poisson’s ratio below 0.28. Dry rocks
with crystalline texture occupy the region outside these values. Granular rock
textures show most prominent changes in Poisson’s ratio upon saturation, and
all increase above 0.28 Poisson’s ratio. Saturated rock samples with crystalline
textures are less susceptible to show change upon saturation, and occupy the
region above 4500 m/s and the full region below 0.28 Poisson’s ratio. The
amount of porosity and type of rock texture can be approximated from acoustic
data alone through cross plots of compressional wave velocity versus Poisson’s
ratio.
 Compressional wave velocities predicted by the Gassmann theory approximate
measured saturated (ultrasonic) velocities for 55% of the samples (3% error
tolerance); but at the same time show considerable errors, as shear moduli
change with saturation. The introduction of brine into the pore space may
decrease the shear moduli by about 1.4 GPa; or increase the shear moduli of
the rock by about 1.4 GPa. This is interpreted as matrix rigidity change by
water at grain and frame contacts. Comparison with literature data sets shows
that non-constant shear moduli in carbonate rocks may be more common than
previously thought. Consequently predicted velocities differ from measured
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velocities, which may be of significance for AVO and time-lapse seismic studies.
Finally, it is postulated that the change in shear modulus is directly coupled to
the rock texture: whereas granular textures are dominated by shear weakening and
Gassmann over-prediction, crystalline textures are subject to shear strengthening
and Gassmann under-prediction. This, and the ability to extract rock texture di-
rectly from acoustic data alone, may have important implications for the prediction
of porosity type from sonic logs in similar types of sediment. In addition, it may
provide a direct link between acoustic properties, the primary depositional system
and diagenetic history of a studied interval thereby connecting geology and seismic.
We should stay aware, however, that modulus dispersion can significantly affect
the acoustic wave propagation in (brine) saturated media, at ultrasonic frequencies.
This and other extrinsic parameters (such as type pore fluid, pore- and confining
pressures) need to be carefully taken into account before generalizing these results.
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Synthesis
9.1 From outcrop to asset - challenges and way
forward
This synthesis evaluates the status and recent developments on the extraction of
spatial data from outcrops to improve the understanding of the anatomy of carbonate
depositional systems. In Chapters 2 and 3 the methodology was introduced to collect,
assemble, and analyze spatial data from large-scale outcrops of carbonate platforms
in digital outcrop models. Subsequently in Chapters 4 to 6, this methodology was
applied to case studies in Spain and Morocco. In addition, controls on acoustic
wave propagation in sedimentary rocks, and effects of saturation on acoustic wave
propagation in carbonate rocks, were discussed (Chapters 7 and 8). Both the case
studies and petrophysical studies were aimed at improving quantitative rules and
concepts to advance the predictability of stratal anatomy in the subsurface.
The goal of the synthesis is to first discuss digital outcrop models, to evaluate
the methods applied and to discuss the results from the case studies. Perspectives
on stochastic facies modeling of carbonate sediment heterogeneity in statistical
grid-based methods are considered. Secondly, promising new developments in
acoustic characterization and correlations between ultra-high resolution imaging and
petrophysical properties of carbonate rock are discussed. Third, a case study from
Mallorca is discussed in which seismic experiments were integrated with borehole
and outcrop observations into one digital outcrop model for calibration of the seismic
response. Finally, some perspectives are proposed on how data on the anatomy of
carbonate sedimentary systems may be extracted and utilized in the future.
203
Chapter 9
9.2 Realistic outcrop models - an evaluation of the
current status
Outcrops are essential data sets to learn more on the depositional history of
carbonate sedimentary systems, and are important aids for improving subsurface
reservoir characterization (Grammer et al. 2004; Schlager 2005). Central to outcrop
studies is to unravel the depositional architecture of the sedimentary system, and the
size, shape, distribution and arrangement of sedimentary bodies, expressed in stratal
anatomy. The extraction of data on stratal anatomy has for long been hampered by
the difficulty of spatially quantifying outcrops in an accurate manner. Moreover, the
awareness that such quantitative data might aid in yielding new, and more accurate,
concepts and rules on sediment accumulation has gained momentum over the last
decade. This resulted in very valuable conceptual data sets, however, data sets which
were difficult to transfer and to analyze mathematically. Now, digital field tools (e.g.
RTK GPS and lidar) are becoming standard in geological fieldwork. These tools
allow spatially positioning of geologic observations and subsequent storing them in
a digital domain in the field directly. The data are assembled in so-called digital
outcrop models (DOMs), and follow a four step approach: 1) outcrop selection,
2) digital capturing of the field data, 3) data integration and framework building
(DOM), and, 4) geocellular model population (Chapter 2).
Outcrop selection is one of the most important steps: seismic-scale continuous
exposures allow for the extraction of high-quality spatial outcrop data sets. The
digitally recorded field data are subsequently stored and interpreted in a single
georeferenced environment, the DOM (Step 1 and 2).
In Step 3 of the DOM workflow three-dimensional surfaces are modeled through
the digital field data, such as lidar- and RTK GPS-traced bedding planes and faults.
Conditioned to the outcrop data, they are designed to reflect the observed stratal
anatomy and conceptual steps in the depositional model. The three-dimensional
surfaces accurately reconstruct the observed large-scale depositional architecture,
and the surfaces can serve as visual aids to gain a more intuitive understanding
of the spatial variability along any given stratigraphic horizon (Phelps and Kerans
2007). The reconstructed horizons form the boundaries of stratal packages and reveal
geometric relationships such as downlap and truncation. Ideally, the surface-based
subdivision would separate units that could be considered as stationary (i.e., whose
statistical properties do not vary significantly throughout the unit in a lateral sense)
in order to facilitate the subsequent facies reconstruction and modeling. This third
step can be of great complexity (Fernandez et al. 2004, Chapter 5) and many of
the reconstructed features would be more difficult to appreciate from the outcrop
without the digital approach. Furthermore, the geometrically correct reconstruction
allows for making quantitative derivatives, such as mode and range of platform
architecture (see also Chapter 4; Adams et al. 2004; Della Porta et al. 2004).
204
Synthesis
Digital outcrop models - advantages
There are many advantages to the DOM approach (Table 9.1). The greatest
advantage is the ”fixing” of observations in space which makes the data suitable
for spatial analysis. This reduces the uncertainty in correlation and interpretation
because of the Cartesian coordinate system in which the data are stored, offering
exact spatial (e.g. metric) relationships (often in Universal Transverse Mercator
projection). DOMs include the option for accurate correlation, rapid visualization
and comprehension of geologic data (Table 9.1) and can serve as an intuitive learning
environment as is it possible to interrogate the outcrop from any perspective,
preserving scale and geometry.
Furthermore, DOMs capture a range of scales, from several meters to tens of
kilometers. They permit spatio-temporal analysis and can asses how the evolution
of the depositional architecture of a sedimentary system and processes of sediment
accumulation, change over time. DOMs also permit quantitative contrast and
comparison with other sedimentary systems: comparison with reflection seismic
images, subsurface reservoir models, or other outcrop equivalents is easily performed,
for example, the quick comparison of volumes of certain facies types. Quantified
outcrop examples may then be used as analogs for many ancient carbonate systems.
Though geological interpretations are non-unique, a DOM can provide the basis for
multiple realizations.
Also, the DOM provides a normalized data environment for data collection and
storage. This improves data stability, for instance, from observer to observer, and as
such reduces errors. Another valuable aspect of the DOM is that it makes projects
transferable between experts from the same and different disciplines. Because all
data are stored in one single environment, moving a data set around between experts
is simple. Finally, a DOM can serve as starting point for further applications.
Digital outcrop models - disadvantages
A disadvantage of digital outcrop modeling is that the methodology is very labor
intensive. First, generally, high-density data sets need to be required from outcrop.
This is particular intense when all data need ground supervision, e.g. by physical
tracing. And secondly, administration, file formats conversion and merging of
different data sets into one single environment can demand a lot of time. Also
when starting geostatically populating geocellular outcrop models, similar problem
arise as in the subsurface. Population algorithms render very little geologic realism
in spite of the general high data density in outcrop studies. Here one needs to
remember the objective of the model population. Generally the objective is not one
populated geological model but is the aim to extract rules and concepts on sediment
accumulation.
The cell sizes in DOMs is dependent on the study objective but can range from
dm’s to ten’s of meters. Through this the high number of cells involved in such
models might introduce computational difficulties in population and manipulation.
205
Chapter 9
Table 9.1: Added value of the DOM approach in geologic field studies.
Advantages
Provide a detailed, spatially constrained, representation of geologic data distribution.
Allow rapid correlation, visualization, and comprehension of geologic data.
Reduce uncertainty in correlation and interpretation.
Capture a range of scales.
Permit spatio-temporal analysis.
Permit quantitative contrast-comparison with other (subsurface) sedimentary systems.
Provide a normalized data environment for data collection and storage.
Make projects transferable between experts from the same and different disciplines.
Serve as starting point for further applications; statistical grid-based reconstructions serve as:
- Template for testing geostatistical population methods.
- Geocellular outcrop models for synthetic seismic modeling and dynamic simulation.
Error on measurement in the DOM is generally on the order of several dm’s to few
meters, originating from the error in the individual data sources and merging several
data sets into one model.
Complex issues arise in spatial analysis, many of which are neither clearly defined
nor completely resolved, and form the basis for current research (cf. Chapter 3).
The most fundamental of these is the problem of defining the geologic element, or
object, spatially located in the area being studied. For example, can heterogeneity
in carbonate depositional systems be described by discrete bodies whosesize and dis-
tribution are numerically and statistically comprehensible? The choice of definition
of geologic heterogeneity has dramatic effects on the techniques which can be used
for the analysis and on the conclusions which can be obtained. For the question
illustrated above, the debate is ongoing. Biological build-ups may be treated as
discrete objects (e.g. Adams et al. 2005), whereas lenses of sediment may have
scale-invariant properties (e.g. Purkis et al. 2007). Other issues in spatial analysis
include the limitations of mathematical knowledge, the assumptions required by
existing statistical techniques, and problems in computer based calculations.
Digital outcrop models - analogs
As mentioned before quantitative depositional models of outcrops of carbonate
platforms may present important aids in the development of subsurface reservoirs.
One example where the outcrop anatomical information has had tremendous impact
on reservoir delineation is the Tengiz reservoir of the Pricaspian Basin in Kazakhstan
(Kenter and Harris 2002; Kenter et al. 2005; Collins et al. 2006). The outcrops in
Asturias, northern Spain, described in Chapter 4 provide age equivalent and facies-
similar slope deposits. Since the reservoir zone in the Pricaspian Basin is difficult to
image due to a thick salt cap, and cores provide only one-dimensional information,
the adoption of the Asturias digital outcrop model provided crucial input to constrain
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similar anatomy in the subsurface. Both systems share a similar flank composition
and show, from shallow to deep (or margin to basin), in situ microbial boundstone,
boundstone breccia and lower- to toe-of-slope alternations of carbonate sand, breccia
tongues and basinal spiculitic lime mudstone. Initially, core observations were sparse
and scattered and a hypothetical model was built on information from Asturias,
where spatial information on slope lithofacies type and distribution from Asturias
was transposed to the Tengiz cross section. The resulting facies map was compared
and contrasted with the seismic data and used for seismic facies mapping as well as to
determine the position of the boundary between slope and platform. This provided
information for the reservoir model since the microbial boundstone forms a zone
with low matrix permeability but high fracture flow (Collins et al. 2005). Spatial
modeling demonstrated that upper slope boundstone makes up approximately 25%
of the platform volume in the Late Visean to Bashkirian reservoir unit (Weber et al.
2003).
In both the Asturias and Morocco case studies (Chapters 4 and 5) the DOM
approach was applied for reconstructing the depositional architecture of carbonate
platforms. Although the qualitative understanding of the gross stratigraphic devel-
opment of the sedimentary systems was not enhanced by digital mapping, the digital
field techniques enabled accurate recording and 3D outcrop model construction of
high-resolution key architectural and sedimentological elements. For the Asturias
case study the declivities of the slope strata on the aerial photographs were distorted
due to the aerial photo lens characteristics, wheras digital approach allowed for
extracting accurate geometrical data, without which quantitative measurements of
sediment accumulation rates would have otherwise not been attainable. For the
Morocco slope study it could be questioned if the same evolutionary aspects would
have been reconstructed if the DOM approach was not followed (cf. Chapter 5).
These are clear gains of digital outcrop studies.
Finally, the size, shape and arrangement of sedimentary bodies or length scales
of geometrical relationships defined by lithofacies or stratal boundaries within
sedimentary systems, remain rarely quantitatively captured from outcrop. Now,
this is efficiently and accurately achieved. Such data are essential for more detailed
contrast and comparison of carbonate sedimentary systems and, once established,
will provide much more solid basis for statistical and mathematical interrogation so
enhancing the predictability of remote stratal anatomy.
Statistical grid-based facies reconstructions
In Step 4 of the DOM workflow, the DOM is converted to a geocellular model using
a modeling grid. The grid is populated with facies and related physical properties,
and can serve as input for synthetic seismic modeling (e.g. Janson et al. 2007), or
for dynamic fluid flow simulation (e.g. Adams et al. 2005). For populating the grid,
geostatistical tools, or facies modeling algorithms, are used. These tools rely on the
geostatistical analysis of the available data and subsequently have the possibility to
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Table 9.2: Impact, gain of spatial outcrop data in subsurface studies.
Advantages
Quantitative end-member carbonate systems.
Quantitative contrast/comparison of outcrop systems with subsurface structures.
Quantitative rules and concepts as prior information.
Provide spatial data for ”soft data” implementation in stochastic realizations.
create realizations with various algorithms (Chapter 3).
Aiming to optimize the use of spatial geological data, several interrogation ap-
proaches exist. Most currently used methods can be classified in two main categories:
pattern replication (also called structure-imitating) and rule induction (also called
process-imitating or process-based). Pattern replication approaches numerically
reproduce the observed spatial patterns without directly considering sedimentary
processes (Koltermann and Gorelick 1996) and is mostly directed through statistical
analysis. Rule-induction, or process-based, approaches are focused toward the
direct mathematical formulation and simulation of the physical processes controlling
accumulation, erosion, transport and re-deposition of sediments (Koltermann and
Gorelick 1996).
To be useful and reliable, however, the use of facies modeling algorithms needs to
be driven by appropriate conceptual depositional models (Falivene et al. 2007). For
this the DOM is exceptionally well suited because the outcrop delivers a wide variety
of data on geologic properties on a range of scales that can be used as input, and
simultaneously serve as validation, for the populated geocellular model. As result, it
provides a testing environment for geostatistical population techniques. Nonetheless,
similar issues and problems arise in populating geocellular outcrop models with
geostatistical algorithms as in subsurface reservoirs. Though the data density along
the outcrop is much higher and as such much more conditioning data available than
in subsurface reservoirs, the available algorithms do not realistically replicate facies
heterogeneity.
Critical issues to be considered when linking outcrop input data and resultant
facies distributions in statistical grid-based modeling are:
a The way in which geologic heterogeneity is defined, i.e., object-based (discrete
bodies with crisp boundaries) vs. pixel-based approaches (lenses with scale-
invariant properties and erratic boundaries). The best method of representing
heterogeneity of carbonate sedimentary bodies remains the focus of ongoing
research (e.g. Levy et al. 2006) and the choice of method ultimately depends
on the objective of the resulting facies distribution.
b Definition and representation of the spatial continuity of the sedimentary bodies
in the modeling algorithm, and their relationship of that spatial continuity with
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the geometrical parameters describing the facies heterogeneity of the produced
sedimentary and diagenetic bodies.
For example, many outcrops of carbonate platforms do not permit the extraction
of statistical data sets of body shapes and sizes. In addition, commonly used
variogram-based geostatistics poorly reflects a geologist’s prior conceptual vision of
the reservoir architecture, because the variogram is too limited in capturing com-
plex geological heterogeneity. The resulting populated distributions of variograms
are ”homogeneously heterogeneous” (Caers and Zhang 2004). Other geostatistical
methods, such as multiple point statistics (MPS), provide significantly better
solutions to link soft data and geologic parameters.
c Stationarity and trends in the proportions and geometrical characteristics of
geologic elements (i.e., facies proportions are not constant over the sedimentary
body). In most outcrops such trends are difficult to appreciate, let alone capture;
specifically the ones which involve very small depositional dips (Adams et al.
2007). Geostatistical methods are primarily designed for reproducing facies
distributions that can be assumed to be stationary within the modeling grid
(i.e., whose statistical properties, such as proportions, standard deviation and
variograms, do not vary in space within the studied sedimentary body; Journel
1985). Spatial trends are typically modeled separately, i.e., removed from the
sample data and then added back to the final 3D model.
Multiple-point statistics (MPS) allow the inclusion of geologic concepts and
aspects in reservoir modeling (Strebelle and Journel 2001; Strebelle et al. 2002).
Several modeling packages (e.g. Petrel and Gocad) permit the implementation of
so-called training images in stochastic realizations. The training images contain
conceptual facies patterns and relationships and may provide geologically more
realistic realizations than conventional variogram geostatistics.
It has been difficult, however, to generate such training images from outcrop
because outcrops rarely allow for plan view observations. Also, the carbonate object
definition is under debate, as previously discussed. As such, research is ongoing on
constructing statistically and geologically meaningful training images for a range
of stratigraphic architectures including those of carbonate systems (e.g. Caers and
Zhang 2004). For carbonate sedimentary environments this could start with a more
robust quantification of the width of depositional regions and facies zones and the
character of their boundaries (serration, width of the facies transition, juxtaposition
type and probability) as a function of depositional platform architecture and changes
in accommodation space. Such data remain very poorly documented.
Another aspect which might me included is the coupling of vertical facies
stacking. In Chapter 6 it is illustrated with Markov methods that facies vertical
successions might display common order stacking. One suggestion can be to
condition the quantified facies belts vertically through probability methods to ensure
ordered (cyclic) stacking. Any discrete objects, such as patch reefs, could be inserted
using object-based or training image-based methodologies.
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It remains extremely challenging to operate at the interface between DOMs
and population methods for geocellular models. The main limitation of statistical
modeling methods is that the processes responsible for the resulting facies architec-
ture are not included explicitly in the modeling algorithm. As long as the spatial
relationships of geologic properties are poorly documented geostatistical tools will
lack such geologic concepts and rules. Process-based sedimentary models, formu-
lating such processes explicitly are currently most used to better understand the
factors controlling sedimentary heterogeneity (i.e., stratigraphic forward modeling;
e.g. Boscher and Schlager 1992; Burgess and Wright 2003; Cuevas Castell et al.
2007; Hasler et al. 2007).
Such simulations are aimed to make predictions about unexposed geometries
and facies, to quantify sediment budgets, test sequence stratigraphic models, and
provide volumes of facies poorly imaged in the subsurface (e.g. Warrlich et al. 2002).
Next, models can be compared and contrasted with facies distributions observed in
outcrop as validation. It allows the testing of the effect of individual processes and
combinations of parameters controlling carbonate platform evolution.
These tools have not been widely applied for building facies distributions of
the subsurface directly applicable for predictive and practical purposes because of:
1) the challenge of conditioning of hard data, 2) the complexity of inferring their
input data parameters, and 3) their temporal and scale limitations (Falivene et
al. 2007). Here the DOM can play an important aspect in this development by
delivering outcrop conditioning data. Initiatives are currently being undertaken to
(semi-)condition forward stratigraphic models to hard data either from subsurface
or outcrop (Bassant et al. 2007).
9.3 Acoustic properties of carbonate rocks - cali-
bration of seismic stratigraphy
Reflection seismic imaging is the tool used for remotely retrieving information on
the anatomy of sedimentary systems in the subsurface. However, a seismic section
is not the exact equivalent of a geologic cross-section. Because most reflections
are interface composites, there is no one-to-one correspondence between seismic
events and interfaces in the earth (Sheriff 1977). Furthermore, data resolution limits
the scale of stratal units that can be recognized and mapped in a data set and
limited resolution leads to misinterpretation of reflection geometries and termination
patterns (Braaksma et al. 2006). Here, outcrop models have demonstrated that
there are significant and systematic differences between stratal patterns visible
in outcrop and seismic reflection patterns (Rudolph et al. 1989; Biddle et al.
1992; Bracco Gartner and Schlager 1999; Kenter et al. 2001). The non-unique
correspondence between seismic and geologic patterns results from seismic artifacts
due to the imaging technology used and, in particular in carbonates, from the
complex relationship between geologic parameters and acoustic properties. This
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poses severe imaging challenges in carbonates (cf. Taner 1997).
9.3.1 Rock texture
In the thesis the Poisson’s ratio is proposed as an important discriminator for rock
texture, divided into the classes granular and crystalline (Chapter 7, 8). The
principal point in this petrophysicallly-based classification is establishing whether
a rock is grain supported or framework supported. In other words, the type of
framework, through which acoustic waves propagate is evaluated. Distinct changes
in Poisson’s ratio (as deducted from P-wave velocity and S-wave velocity) can be
correlated to the primary rock fabrics, and subsequent diagenetic processes. The
variation in Poisson’s ratio can be explained by textural parameters: granular versus
crystalline rock textures. And the type of rock texture and amount of porosity can
be approximated from acoustic data alone through cross plots of P-wave velocity
versus Poisson’s ratio.
Granular here refers to depositional grains where grain-to-grain contacts support
the frame, similar to siliciclastic rocks (like a poorly cemented quartz arenite).
Granular textures have various amounts of cement and little matrix and as a
consequence granular textures have an acoustically connected framework which is
not very efficient. This is due to scattering and loss of acoustic energy at grain-to-
grain boundaries.
In crystalline textures, the frame consists of interlocking crystals which form an
efficient acoustically connected frame. These textures have been recrystallized or
cemented following deposition, most likely during early to late burial, and thereby
changing a primary grain-dominated fabric into a crystal-dominated fabric. In
other words, those textures have been diagenetically altered to a stage where no
granular texture - and therefore touching grains - remains. In addition, rocks with
recrystallized textures (e.g. sucrosic fabric destructive dolomitization) also belong
to this category.
Granular rock textures show prominent changes in Poisson’s ratio upon satu-
ration, while saturated rock samples with crystalline textures are less susceptible
to show change upon saturation. The introduction of brine into the pore space
may decrease the shear moduli or increase the shear moduli of the rock. This is
interpreted as matrix rigidity change by water at grain and frame contacts. It is
postulated that the change in shear modulus is directly coupled to the rock texture:
whereas granular textures are dominated by shear weakening and Gassmann over-
prediction, crystalline textures are subject to shear strengthening and Gassmann
under-prediction. Consequently modeled velocities differ from measured velocities,
which may be of significance for amplitude-versus-offset and time-lapse seismic
studies.
The conclusions above were derived from empirical data sets. They provide a
simple and convenient form of summarizing extensive experimental data. However,
they lack a rigorous connection with microstructure, and there are no mathematical
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Figure 9.1: a) Equivalent of network building for a pore network volume: i. 2D 3 m
resolution X-ray density map, ii. and iii. Binarization step, iv. 3D skeleton representation,
v. 3D skeleton representation with the corresponding pore throat radii assigned, vi.
Partitioning of the pore space (modified after Youssef et al. 2007). b) MicroCT images of
two Cretaceous skeletal grainstone samples from Limburg, The Netherlands. Samples are
moderately sorted, very fine to medium sand-sized, skeletal grainstone (Kenter et al. 1997).
The poorly and moderately cemented grainstones have similar composition. Both are
composed of echinoderm fragments, red algae, benthic foraminiferers, bivalves, gastropods,
peloids and rare coral fragments. Grain size ranges from 50 to 350 µm, and grains are
subangular to subrounded. Interparticle porosity is the dominant pore type. In the
moderately cemented samples several generations of calcite cements are recognized, where
scalenohedral and blocky overgrowth are volumetrically most significant. The original
mineralogy is supposed to be responsible for the difference in amount of cementation.
Samples higher in original high-magnesium calcite fragments have higher proportions of
cement.
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Figure 9.2: MicroCT images of six Miocene recrystallized dolograinstones to dolowacke-
stones from Mallorca, Spain. Common components are planktonic foraminifera, ostracods,
and fine-grained detritus of oysters, other bivalves, echinoids, and red algae. Common
macrofossils are relatively deep-water oysters, large irregular echinoids, pectinid bivalves
and, locally, some rhodoliths and branching red algae. And grainstones, wackestone-
packstones and grainstones (c to f, respectively). Skeletal components are miliolids, thin
bivalves, peloids and gastropods. Some also contain benthic foraminifera or ooids. Note
fine recrystallized nature (C2bot, C5), moldic pore types (CBC68.40, CBC25.75), and
spherules of late meteoric calcite cements (CBC36.98, CBC25.75). There are two distinctive
diagenetic features in the Mallorca reef complex (Pomar 1996) which overprint original
depositional rock fabric: 1) An extensive secondary porosity produced by dissolution of
originally aragonitic constituents, and 2) pervasive dolomitization. The dissolution of
all aragonitic constituents leaves most of the original framework only by external and
internal molds. Most replacement dolomite is microcrystalline (1-5 µm), but rocks also
have euhedral to subhedral dolomite cements (0.02-0.15 mm) precipitated in original pores
and in secondary pores.
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formulas proposed which offer predictive or interpretive power. To make discrete
measurements applicable for formation evaluation purposes, three advances need
to be made in the future: 1) quantification of the proposed, qualitative, rock
texture description, 2) conversion of quantified pore-network model to acoustic-
properties and transport-properties values, and 3) a mathematical generalization
of the obtained empirical results on acoustic characteristics.
9.3.2 High-resolution computerized tomography
High-resolution computerized tomography (CT) is a non-destructive method for
the imaging of x-ray absorbing fabrics (Flannery et al. 1987; Kenter 1989; Van
Geet et al. 2001). It provides the opportunity to directly measure the complex
morphology of the pore space of sedimentary rock in three dimensions at resolutions
down to a few microns (Rosenberg et al. 1999; Youssef et al. 2007). For this
thesis experimental acquisition step was carried out. A detailed 3D description
of the pore structure was created by applying high-resolution x-ray computerized
tomography to selected plug samples. First, images were obtained from 10 1.5”
(3.81 cm) mini cores using a ”lower” normal medical CT scanner. Sample positions
for high resolution CT measurements were selected. Subsequently, 5 mm diameter
cylindrical core samples were extracted from each of 10 plugs from two data sets
discussed in Kenter et al. 1997 and Verwer et al. (Chapter 8). The samples
represent Cretaceous skeletal grainstones from the ENCI quarry, The Netherlands,
and Miocene dolomitized packstones to grainstones from the Reef Complex, at Cap
Blanc, Mallorca, Spain. Bulk porosities range from 31 to 43% for the Netherlands
samples, and from 12 to 48% for the Mallorca samples. Length sections of about 5.5
mm of each core were imaged (cf. Rosenberg et al. 1999). The 1800 acquired images
have a resolution of 3 µm (Youssef et al, 2007) and are subsequently reconstructed in
a 1000x1000x1000 pixel volume. Next, pore-network models were generated through
the following workflow: High resolution CT images of porous media are grayscale
images, usually with a bimodal population apparent, one mode corresponding to the
signal from the void space and the second to the signal from the grain space. Each
grayscale image was thresholded using a kriging-based method to give a binary pore
solid image (Fig. 9.1a step i, ii and iii; Lindquist and Venkatarangan 1999; Lindquist
et al. 2000). Next the lines describing exclusively the channels and corresponding
pore throats were identified (step iv). This produces a group of connected lines.
Then the minimum distance to the boarder of each point in each pore is calculated
to establish the pore throat diameter (step v), and, finally, the pore space could be
partitioned into isolated pores (step vi).
Examples of scanned samples are shown in Fig. 9.1b and 9.2, for the Netherlands
and Mallorca samples respectively. The high-resolution CT imagery allowed the
capturing of the 3D distribution of selected pore networks (type and connectivity)
as well as cement types, information essential to reservoir quality assessment but
very difficult to reconstruct using the classic petrographic approach.
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Computational techniques have progressed to the point where material properties
such as diffusivity, elasticity, and conductivity can be calculated on large 3D digitized
images containing up to one billion (10003) voxels. With the development of
these experimental and computational methods, it is possible to base calculations
directly on the measured 3D microstructure. This has been done for the geometric
characteristics of sandstones (Schwartz et al., 1994; Auzerais et al. 1996; Arns
et al. 2001). Arns et al. (2002) showed the feasibility and the accuracy of
combining CT images with calculations to predict elastic properties of individual rock
morphologies. Arns et al. (2003) and Laroche and Vizika (2005) investigated pore
network models for spatial pore and pore-throat size distributions, level and type of
pore interconnectivity as expressed by the aspect ratio as well as the coordination
numbers (number of pore throats per pore) in order to establish accurate predictions
of transport properties for sandstones. Youssef et al. 2007 and Kenter et al.
2007b performed this for carbonate rock samples. A robust quantification of rock
texture and assessment of the direct relationship between pore network, acoustic
connectivity and transport properties for carbonate rock samples is in preparation
(Verwer, Kenter, Vizika and Rosenberg, In prep).
9.3.3 Elastic property modeling
To obtain a mathematical generalization of the effects of saturation on the acoustic
characteristics of carbonate rocks the following modeling method was tested: 1)
select appropriate mineralogical moduli, 2) calculate lower and upper bounds in
Poisson’s ratio, and 3) carry out a multiphase fluid substitution.
The first step is of particular importance in setting up any model. In the literature
experts seemingly disagree over unique values for moduli of minerals (see Mavko et
al. 1998). Varying the input values affects the possible outcomes tremendously.
Here the values of Simmons and Wang (1971) and Humbert and Plincque (1972)
were used (see Chapter 8 - Table 8.2). In the second step the elastic bounds are
calculated. Bounds are extremely useful if the constituent materials have similar
properties. For materials like porous sedimentary rocks, the bounds are quite far
apart due to the large contrast in elastic properties between pore fluid and rock
matrix, and this limits their predictive power (Arns et al. 2002). Another clear
advantage of bounds is that they incorporate microstructural information and can
be applied to arbitrarily complex structures. The bounds are calculated through
the application of Hashin-Shtrikman bounds (Mavko et al. 1998) in combination
with generalized Krief relationship for dry rock and Arn’s emperical equation for
non-uniform Poisson’s ratio with non-uniform porosity (Fig. 9.3, Arns et al. 2002).
Literature data sets, colored for porosity values, fall within the selected bounds (Fig.
9.3). Next, a multiphase fluid substitution is carried out using an approximation of
the generalized Gassmann modulus (Carcione et al. 2005). This modulus is obtained
at the low-frequency limit of Biot’s theory of poroelasticity, where it is assumed that
all constituents move in phase.
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Reviewing the cross plot of P-wave velocity and Poisson’s ratio in Fig. 9.3 one
observes an overall v-shaped trend. In this continuous space samples which fall
outside the space are most likely contaminated with non-carbonate minerals (e.g.
quartz and clay). The variation within the space is be correlated to the differences
in rock texture. Upon saturation the distribution of the data points within the cross
plot changes. Granular textures are particularly sensitive to changes in saturation;
whereas crystalline textures are less affected by pore fluid change (cf. Chapter 8).
Next steps include the correlation of high-resolution CT quantified rock texture to
the generalized model, the expansion of the model towards transport properties and
sensitivity testing of various pore fluids with different moduli (Verwer and Braaksma,
In prep).
9.4 Natural laboratories: Integrating digital out-
crop models, petrophysics and seismic
Natural seismic observatories where the sediment column can be studied simul-
taneously in outcrops, shallow boreholes and in seismic images provide a new
approach to avoid mismatches in seismic interpretation and to advance the geological
verification of carbonate platform structures. So-called Natural laboratories were
developed within the framework of the Integrated Solid Earth Sciences school (ISES).
The philosophy was to focus expertise in reflection seismology, petrophysics and
sedimentology on the same geologic object to enhance the understanding on how
geological formation translate into geophysical images.
The first ISES natural laboratory studied was located on the Channel coast, at
the Boulonnais, in northern France, and combined operations on land and in offshore
domains. It focused on the simple architecture of parallel-bedded alternations of
shale, sandstone and limestone. Good quality exposures in fresh sea cliffs were
combined with a high-resolution 3D seismic reflection cube shot on the adjacent
beach in the equivalent subsurface, water saturated, interval. Two boreholes
provided the petrophysical, geophysical and sedimentological tie between seismic
data and cliff. The results provided a quantitative relationship between sediment
(depositional) parameters and acoustic properties as well as a good match between
sediment facies anatomy in the cliff and its subsurface seismic expression (Braaksma
et al. 2003, 2006ab).
Essential next steps after the Boulonnais experiment were to improve seismic
Figure 9.3 (facing page): ⇐= a) Multiphase modeling and fluid substitution work flow. b)
Dry bounds are computed. Samples from the empirical data set fall within the bounds.
c) After Gassmann fluid substitution the trend in the data set changes into a V-shaped
pattern as controlled by the rock texture. Samples from the empirical data set which lie
outside the bounds are contaminated with clay or quartz admixtures.
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Figure 9.4: Mallorca natural observatory. Photo panel with interpretation after Pomar
(1996). Locations of terrestrial seismic lines, boreholes and sections indicated.
acquisition close to land outcrops and to apply the insights from the pilot study
to a natural laboratory with more complex sedimentary geometries and properties.
After a pilot project to test different acquisition techniques on a series of outcrops
in southern and central Europe, a Miocene prograding reef succession on Mallorca
(Spain) was selected (Fig. 9.4). The Mallorcan outcrops are a textbook example
of relatively low-relief (100-150 m) prograding coralgal reef system of Miocene age
and are used as an analog for many active exploration plays (Pomar et al. 1996;
Pomar and Ward 1999). Though the geology has been documented in great detail,
the inferred seismic response remains controversial, especially since no seismic data
had been acquired from this outcrop and interpretations on how geological features
translate into seismic reflections were merely based on speculative assumptions.
The project had three aims: 1) To test methodological principles and physical
interpretation of multi-component seismic data in very shallow lithified sedimentary
rock environments, 2) Validation/ground truthing the seismic data sets through
careful and detailed comparison with the outcrops nearby and unraveling the physical
and geological origin for seismic reflections and their angular relationships, and 3)
To develop a DOM of the reef system for spatial comparison with the seismic data
and test property population methods (facies and petrophysical properties).
First, to capture spatial information on the anatomy of bedding planes a RTK
218
Synthesis
GPS outcrop survey was carried out (Fig. 9.4). A high-resolution digital elevation
model was extracted from stereoscopic aerial photographs. On this basal layer all
observations are spatially positioned in X, Y into one GIS database. To create
a digital outcrop model horizontally taken 4x5” stereoscopic photographs provided
input for a digital terrain model extracted of the sea cliff faces, as techniques such as
lidar were not suitable to be utilized from sea. This orthoimage could then be used
to extract information on bedding properties directly from outcrop. Unfortunately,
due to technical difficulties this survey was not yet successful. When finished the
model can serve as geocellular model for property population and comparison with
the seismic data set.
Detailed and quantitative measurement of stratal patterns on outcrop, were
combined with field sections and macroporosity mapping for establishing the spatial
geologic framework. Petrophysical analyzes of core (multisensor track: P-wave
velocity, density, digital core scans) and selected plugs from the core and outcrop
(porosity, P- and S-wave velocity, saturated and dry density) were performed.
Terrestrial geophysical experiments were carried out in 2003 and 2004. A very
high-resolution pseudo 3D multi-component data set and a 2D S-wave data set were
acquired from the outcrop (Fig. 9.3). Two 110 mm boreholes were drilled (∼90 m
depth) strategically located within the 3D data sets, fully cored and logged using
monopole-dipole sonic, digital borehole televiewer, acoustic televiewer, mechanical
caliper, gamma ray, spectral gamma ray, and 9-component vertical seismic profile
(VSP) (Telfort et al. 1990).
For the 3D terrestrial data set high-frequency (40-560 Hz) horizontal and vertical
vibrators were deployed in combination with Input/Output Vectorseis 3-component
digital elements, in quasi 3D setup1. The data set was subsequently processed
through a standard processing routine by TNO (Romijn 2004). A few innovative
techniques, such as rotation of horizontal components, 3D F-K filter, 3D DMO and
addition of parallel profiles, improved the seismic image (Filippidou et al. 2005).
Unfortunately the high-fold seismic experiment returned a discontinuous pattern of
possible reflectors. Two possible reflectors are present at approximately 50 and 120
ms.
A 2.5 km long high-frequency (40-400 Hz) 2D terrestrial shear wave seismic
line was acquired across an asphalt road running from the Cap Blanc lighthouse
approximately in direction of progradation (∼WSW direction, Fig. 9.5)2. The aim
was to image the full geological sequence outcropping along sea cliff faces (yellow lines
represent extrapolated reef tract lines from Pomar (unpublished field guidebook).
1Seismic acquisition geometry. Three swaths; the first and last 5 lines each with 66 receivers, spaced
at 2 m, cross-line spacing 2 m. The middle swath formed a box of 19x20 receivers, covering an
area of 36x38m, essentially forming the shape of a square. The total area covered by the 3 swaths,
was 2408m2, with a total in-line length of 298 m. The middle line coincided with the source line,
with the source positioned between two receivers. In order to obtain at least 60m offsets in each
CMP-bin, the first source position was 60m before the beginning of a swath and finished 60m after
a swath. Two shot were fired at each vibrator position; this resulted in an in-line fold of 132.
2Twenty-six swaths of 96 m, 48 receivers spaced 2 m, source spacing 2 m
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The 2D terrestrial data set was processed through a standard processing flow at
the Vrije Universiteit Amsterdam. One longer coherent event has been identified
which corresponds to groundwater level (∼190 ms TWTT).
The seismic experiments were wholly unsuccessful in imaging the Miocene
coralgal reef systems. For both terrestrial data sets the reflections patterns did
not show any coherent information. This is attributed to:
1. The dry nature of the formation which had to be diverted to S-wave seismic
acquisition.
2. The fact that terrestrial seismic surveys have prime difficulties in coupling
between the acquisition equipment and the underlying formation.
3. The Reef Complex did not suffer any overburden, such that the preserved
primary and secondary porosity creates a diffraction environment in which
attenuation and scattering is strong and the signal to noise ratio is low.
4. Current processing techniques might not yet be sophisticated enough to
correctly deconvolve, filter and move out of such complex signals.
Offshore Mallorca, old sparker data (Smithonian, 1970’s) suggested that an
equivalent prograding reef structure, downthrown along a normal fault, c. 25 km’s
south of the cliff face in some 100-150 m of water depth might be present. A
reconnaissance sparker survey (700 Hz) in collaboration with the Renard Center
of Marine Geology (Ghent University, Belgium) mapped out the structure. The 2D
sparker data set was filtered and migrated at Technical University Delft. Processing
increased the quality of the image substantially, but raised questions on the geometry
of the observed structure (Fig. 9.6). The fault imaged follows the orientation of a
regional Pliocene-early Pleistocene strike-slip system (NE-SW) which affected the
Miocene Reef Complex (Sabat et al. 1995; Acosta et al. 2001). Furthermore, the
high-frequency signal penetrated rather poorly the carbonate formations. This is
related to the single offset and high-frequency nature of the measurements.
Ultimately, accurate translations of geophysical images into geologic realistic
models may be able to reveal the primary depositional architecture and the distribu-
tion of sedimentary and diagenetic bodies with associated physical characteristics.
Such models could be converted into predictive earth models with emphasis on the
prediction of subsurface flow behavior. Initiatives to predict permeability directly
from acoustic data alone are underway. Eberli et al. (2006) developed a working
approach in which parameters estimated from digital image analysis of thin sections
were related to the pore geometry factor from the Sun’s extend Biot theory for
poro-elasticity (Sun and Goldberg 1997). Subsequently, Bracco Gartner et al. (2006)
implemented this model in a seismic inversion application. The pore geometry factor
describes the 3D pore structure of the carbonate rock and could be extracted from
inverted post-stack seismic data. Additionally, this factor relates to pore connectivity
and, therefore, to permeability. As such, they estimated a permeability from inverted
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seismic and proved that a permeability indicator volume produces a superior history
match against a permeability model constructed from extensive well data. This
theoretical quantification of the influence of pore structure on velocity may form
a major step towards the extraction of permeability data from seismic reflection
volumes.
9.5 Perspectives
The purpose of this thesis was 1) to quantitatively capture spatial heterogeneity
and trends of carbonate platforms by integrating remote sensing data and field
observations and, 2) to interpret these patterns within the context of the processes
of carbonate sediment accumulation. Such observations and understandings of
sedimentary body-scale patterns and processes within carbonate systems are funda-
mental for the solution to what Schlager (2000) suggested was a central challenge in
sedimentary geology, ”predicting the anatomy of sedimentary rocks in the subsurface,
in particular the distribution of porosity (and its derivative, permeability)”. The
focus of this thesis - illustration, quantification and explanation of representative
geometries within ancient carbonate platforms and the acoustic characteristics of
those sediments - represents an important step towards quantitatively addressing
this fundamental question in carbonate systems.
Digital outcrop models
For digital outcrop modeling, positioning techniques have become affordable and
therefore standard tools. One of the greatest drawbacks of digital field data is the
severity of manipulation and interpretation of the often sizable data sets.
To advance this, currently initiatives are deployed for automated feature ex-
traction and attribute analysis from lidar data. Automated feature extraction may
be performed by mathematically analyzing the morphology of the scanned outcrop
(sensu Bracco Gartner and Schlager 1996) or in an interactive way by planting
a ”seed” on stratal contacts, similar to ant-tracking systems developed for seismic
interpretation software (Viseur et al. 2007). This would enable more rapid utilization
of lidar images instead of laborious manual interpretation. Another initiative is
Figure 9.6 (facing page): ⇐= Offshore Mallorca, old sparker data (Smithonian, 1970’s)
suggested the possible presence of the equivalent prograding reef structure, downthrown
along a normal fault, ca. 25 km’s south of the cliff face, in some 100-150 m of water
depth. A reconnaissance sparker survey mapped out the structure. Processing increased
the quality of the image substantially, but raises questions on the geometry of the observed
structure, that was probably bounded by a NE-SE regional strike-slip fault. One east-west
trending profile shows a possible intact slope profile, onlapped by Pliocene-Quaternary marl
succession.
223
Chapter 9
attribute analysis based on backscatter intensity of the reflected lidar signal which
might give the opportunity to remotely sense lithological properties as proposed by
Bellian et al. (2007). Such attempts, however, should go hand in hand with sufficient
ground truth. Also, head-up display systems are currently being deployed in the field
and might assist in ”in the field” interpretation of lidar data, or be used during field
schools for interactive teaching (Bellian et al. 2007).
Furthermore, from a computer manipulation point of view considerable advances
need to be made to handle high resolution large-size digital outcrop data sets.
Virtual Reality Geological Studio is a platform currently under development which
is dedicated to digital field data interpretation (Hodgetts et al. 2007). Such a new
application allows intuitive field geologists tools for observation and interpretation
to be applied in-the-office. It is significantly different from conventional interpre-
tation software being used presently, mostly Gocad and Petrel, that are developed
specifically for subsurface applications.
Though digital field tools have shown to be a powerful visualization and com-
munication aid, the main point has revolved around digitally capturing data from
outcrops. As a consequence, research on how to analyze such spatial data sets has
been trailing somewhat behind, leaving the geological community skeptical towards
use of digital field technologies as a valuable asset. Therefore research needs to be
directed towards spatial analysis of outcrop data and its application in geostatistics,
and thus go beyond just merely produce ”pretty pictures.”Here the greatest challenge
remains the development of mathematical procedures to utilize and analyze digital
field data.
Complexity
Finally, the prediction of the processes of carbonate sediment accumulation is greatly
complicated by the nonlinear dynamics of depositional systems (Schlager 2000).
The behavior of such complex systems is often said to be due to emergence and
self-organization (which refer to the way complex systems and patterns arise out
of a multiplicity of relatively simple interactions, i.e., attraction and repulsion).
Examples of where complexity research has recently been successful are where,
for example, fractal properties have been shown to exist in sediment accumulation
processes in modern-day carbonate platforms (Purkis et al. 2007) and in trajectories
of the margin of prograding carbonate platforms (Schlager 2004). Though such
power-law relationships cannot be used univocally and should be employed with
discipline (Purkis 2005), the knowledge that a system might statistically follow
predictable relationships over a wide variety of scales and as such have the potential
to be used to offer insight in mechanisms operating beyond the spatial resolution, is
both promising and exciting.
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Additional unpublished work and
data storage
Additional unpublished work
In 2004 a digital field trip to the Carboniferous Sierra del Cuera outcrop was
developed, called ”The Case for the Opportunistic Microbe” (Kenter, Verwer and
Della Porta 2004). The DVD was shot during two visits to Asturias in summer
and fall of 2003, with a professional camera team from Saxion Hogeschool Enschede,
The Netherlands. The editing of the DVD was carried out in the winter of 2003
in the Enschede studios. The digital field trip introduces the ”participant” (with a
basic knowledge of geology) to Asturian outcrops, compares-contrasts those with the
subsurface in Kazakhstan and documents and explains the role of microbes in the
evolution of these systems. The first edition of the DVD has been produced in 200
copies, available in PAL format through the authors.
In 2005 I was invited to sail as physical properties specialist and logging scien-
tist on International Ocean Drilling Program (IODP) Expedition 310 Tahiti Sea
Level. The mission was organized by European Consortium for Ocean Research
Drilling (ECORD) as a Mission Specific Platform (MSP). It was designed to
drill drowned reefs and reef terraces at Tahiti (French Polynesia). The first aim
of the Expedition 310 was: 1) To establish the course of postglacial sea level
rise at Tahiti (i.e., to define the exact shape of the deglaciation curve for the
period 20.00-10.00 ka, 2) to define SST variations for the region over the period
20.00-10.00 ka, and 3) to analyze the impact of sea-level changes on reef growth
and geometry. The offshore phase of the expedition on the DP Hunter was in
October and November 2005, the onshore scientific party in Bremen (Germany)
took place in February and March 2006. Preliminary results can be found in
the Proceedings of the Integrated Ocean Drilling Program Volume 310 Expedition
Reports (Camoin, G.F., Iryu, Y., McInroy, D.B., and the Expedition 310 Scien-
tists,http://publications.iodp.org/proceedings/310/310toc.htm). Cores from Tahiti
are stored in the IODP Bremen Core Repository (BCR). Digital data archives
can be accessed through the IODP World Data Center for Marine Environmental
Sciences WDC-MARE/PANGAEA housed at the University of Bremen. IODP
Tahiti samples of KV remain in Faculty of Earth and Life Sciences, Vrije Universiteit
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Amsterdam.
Data storage
The Asturias fieldwork was carried out in the June 2001 and July and September
2002. The Mallorca fieldwork, drilling and wireline logging of the boreholes, and
seismic experiments were undertaken for May to August 2003, March 2004 and May
and June 2004 and a number of shorter visits through 2005 and 2006. The Morocco
fieldwork was conducted in December 2004, March and April 2005, and March 2006.
All digital data collected in Asturias is stored in GIS format in an MS Excel database,
on blow-ups of aerial photographs and in Petrel modeling software, at the Faculty
of Earth and Life Sciences, Vrije Universiteit Amsterdam. Cores, downhole logs and
rock samples collected from Mallorca and used in this thesis are stored at the Faculty
of Earth and Life Sciences, Vrije Universiteit Amsterdam. All geophysical data rest
with the Technical University of Delft. Digital data from Morocco are in GIS format
stored in an MS Excel database and in (Schlumberger) Petrel modeling software at
the Faculty of Earth and Life Sciences, Vrije Universiteit Amsterdam. Rock samples
from Morocco are stored in at the School of Earth, Ocean and Planetary Sciences,
Cardiff University.
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